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RELATIONS OF ORGANIC PHOSPHORUS DISTRIBUTIONS 
IN TESTES TO P*®” ADMINISTRATION, TESTIS 
GROWTH, AND HORMONAL EFFECTS’ 


Paut L. RIsLEy AND A. L. SODERWALL 
Biology Department, University of Oregon, Eugene, Oregon 


(Received August 9, 1957) 


INTRODUCTION 


SEVERAL authors have observed alterations in lipid phosphorus fol- 
lowing irradiation, and other experimental conditions. McEnery and 
Nelson (1953b) mention this as a possible effect following x-irradia- 
tion of rat testes, and also after cryptorchidism. Milch and co-workers 
(1954) report elevated blood lipid phosphorus values after partial 
body x-irradiation. Riedel and Rossiter (1954) obtained decreased 
lipid P values for adrenal glands following hypophysectomy [also 
observed by McEnery and Nelson (1953b) in testes]; lowered P* 
lipid incorporation was also observed, with restoration of normal levels 
after ACTH therapy. Borell, Diczfalusy, and Westman (1952) 
studied P*' and P* distributions in normal and hypophysectomized 
rat testes. 

The purpose of the present paper is to present some comparative 
results obtained for organic phosphorus (P) and P* distributions in 
hamster testes under several conditions. Comparisons of the distribu- 
tions in acid-soluble (ASP), lipid (LP), and residual protein (RPP) 
phosphorus fractions in testes of several groups of animals were made 
on an individual whole testis basis. It was assumed that differences 
in the relative quantities of the phosphorus-containing compounds 
might prove useful in evaluating altered metabolic states in the testic- 
ular tissues under the conditions being studied. This assumption 
appears consistent with recent conclusions of Riedel and Rossiter 
(1954) for the adrenal glands of rats, and the well-known testis- 
adrenal relations provide an interesting point of comparison in regard 
to the general problem of phosphorus metabolism in thése organs. 


' Research aided by grants from the United States Atomic Energy Commission. 
Assistance of those individuals aiding with the work during its progress is also 
acknowledged. 
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MATERIALS AND METHODS 


A limited number of male hamsters furnished 24 testis samples for 
complete analyses. The animals were separated into four groups as 
follows: I—5 normal adults (average body weight:—87.7 g.); II—4 
hemicastrates (60 days; average body weight:—81.2g.); III—27-32 
day old normal immature (average body weight:—41.2 g.); and IV— 
27-32 day old young treated with testosterone propionate (average 
body weight:—42.0 g.). In the last group, each animal received ten 
injections of 0.25 mg. testosterone propionate (Schering-OretonF ) 
over a twenty-day period from seven to twenty-seven days of age, 
when P** was injected intraperitoneally. 

In all cases, forty-eight hours elapsed from the time of P** injec- 
tion to the time of autopsy. P** values obtained are adjusted for 
background, decay, and to an equivalent 1.22 uC per gram body 
weight initial dose. Mean values and standard deviations for single 
whole testis samples are given for each of the four animal groups, 
and for acid-soluble, lipid, and residual protein phosphorus fractions 
in the tabular summary. The data are expressed also in specific activi- 
ties (SA X 10'), or the ratios of P** in disintegrations per minute to 
the P values in mg. Blood samples were taken for each animal and 
blood specific activities (RSA) were calculated for each testis fraction 
in relation to the blood phosphorus fraction for each group of animals. 
Likewise, the percentage distributions of both P and P* in the several 
fractions were determined. For purposes of comparison, the several 
bases of measurement prove useful in the considerations which follow. 

One testis from each animal was used for P and P* determinations, 
and the same samples were used for both. P determinations were 
made following fractionation procedures recommended by McCarter 
and Stelges (1948), Schmidt and Thannheuser (1945), and Borell 
(1951). Trichloracetic acid was used for tissue oxidations in the 
fractionation procedures prior to the formation of phosphomolybdic 
acid for P determinations. Values are expressed in mg. P per single 
testis sample as compared with a measured 0.03 mg. P standard and 
a blank at the times of colorimetric measurement with the Klett- 
Summerson apparatus. P** was measured by means of a liquid dipping 
Geiger counting tube of Tracerlab “TGC-5” type with a Tracerlab 
“64” Scaler. Results are expressed as disintegrations per minute, 
after corrections for dilution and decay. The other testis of each 
animal was used for histological study in order to check the normality 
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or pathology of the tissues. Routine methods of histological prepara- 
tion were employed, using Bouin’s fluid as a fixative and Harris’ 
Haematoxylin and Eosin as stains. Normal expected tissue conditions 
were encountered in all cases, and {- radiation effects were not recog- 
nized after a 48-hour period of exposure. 


OBSERVATIONS 


The data obtained for the several groups of animals tested are sum- 
marized in Tables 1, 2, 3, and 4. No significant differences appeared 
between the normal and hemicastrate adults (Groups I and II) in 
the acid-soluble P mean absolute values. A slight variation is observed, 
however, between these groups in a higher ASP percentage of the 
total P in the hemicastrate testis, and a somewhat lower % ASP* than 
in the normal adult testis. The absolute mean values of ASP are 
lower for the normal young testis (III) and the testosterone treated 
testis (IV), but those of ASP** were comparable to the normal adults. 
Testosterone-treated testes gave lowest values for ASP**, but the 
specific activity for this group proved to be closer to that observed 
for the normal adults, suggesting a possible effect of the hormone 
treatment on the P and P*™ balance in this fraction (see Borell, 
Diczfalusy, and Westman, 1952, for effects of chorionic gonadotrophin 
treatment after hypophysectomy ). 

In the lipid P absolute mean values, the young and hormone-treated 
young were similarly lower than those of the adult groups. Differences 
appeared in relation to size and age only. However, the LP* values 
were distinctly higher in groups III and IV. High specific activity 
values clearly illustrate the differences between the young and adult 
testes in the lipid phosphorus fraction. A greater % LP** appeared in 
the hormone-treated group, suggesting a possible effect of the male 
sex hormone, but more data are needed for confirmation of this point. 

The residual protein phosphorus (RPP and RPP**) fractions are 
reversed in order of magnitude with the normal adult testis high in 
RPP, but lowest in RPP**. Again the difference appears to be one 
principally related to ages of the groups and testis size. As in the lipid 
fraction, specific activities are highest in groups III and IV, and 
lowest in groups I and II. The hormone-treated young of group IV 
gave lower absolute mean values in both P and P*, but a trend 
toward the values observed for the adult groups was indicated also 
in the percentage protein phosphorus fraction, and the specific activity. 
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The data obtained clearly indicate that distinctly higher specific 
activities characterize the young testis as compared with the adult 
testis, both with respect to total phosphorus and the several fractions. 

TABLE 1 
Acid-soluble Phosphorus in Hamster Testes. Values Are Expressed as the Absolute 


Mean Values Per Testis with Standard Deviations for Each Group 
(as Described in Text). 











Animal Group Mg. P P32¢/m SAx104 %P % P32 

% 0.1822+0.056 3390+1788 1.79+0.5 38.4 66.39 

II. 0.1871+0.056 31461162 1.70+0.37 41.8 59.82 

III. 0.12660.025 33751131 2.67+0.66 35.8 53.20 

IV. 0.1351+0.051 2780+1068 2.10+0.41 39.4 52.16 
TABLE 2 


Lipid Phosphorus in Hamster Testes. Values Are Expressed as the Absolute Mean 
Value Per Testis with Standard Deviations for Each Group. 











Animal Group Mg. P P32¢/m SAx10# %P % P32 
3 0.1279+0.052 1048+458 0.82+0.41 26.9 20.53 
II. 0.1222+0.043 1353556 1.10+0.16 27.3 25.72 

III. 0.0958+0.036 1687+615 1.81+0.57 27.0 26.60 

IV. 0.0904 +0.030 1624+408 1.98+0.82 26.3 30.37 

TABLE 3 


Residual Protein Phosphorus in Hamster Testes. Values Are Expressed as the Absolute 
Mean Value Per Testis with Standard Deviations for Each Group. 











Animal Group Mg. P P32¢/m SAx104 %P % P32 

:. 0.1640+0.055 666+331 0.40+0.13 34.7 13.06 

II. 0.1386+0.062 765+321 0.60+0.28 30.9 14.56 

III. 0.1312+0.019 1282468 0.97+0.28 37.1 20.20 

IV. 0.1172+0.038 935+236 0.88+0.28 34.2 17.46 
TABLE 4 


Total Organic Phosphorus in Hamster Testes. Values Are Expressed as the Absolute 
Mean Value Per Testis with Standard Deviations for Each Group. 











Animal Group Mg. P P32¢/m SAx104 %P J%oP32 
3 0.4741+0.101 51052439 1.06+0.38 100.0 100.0 
i. 0.4479+0.150 5260+2008 1.19+0.29 100.0 100.0 
III. 0.3536+0.068 6345+2020 1.80+0.46 100.0 100.0 


IV. 0.3428+0.091 5349+ 1422 1.63+0.45 99.9 100.0 





Differences between the normal adults (I) and the hemicastrates (II) 
were not pronounced enough to be regarded as significant. Similarly, 
differences between groups III and IV were not sufficiently great to 
be significant, and it appears that the hormone treatment was not 
adequate to differentiate the groups sharply and statistically. Certain 
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trends in the data, however, suggest that alterations of the percentage 
values of the several fractions may be more important indicators of 
the physiological conditions of the testes than are the absolute mean 
values that exhibit considerable variation within the group, and fre- 
quently overlap between the groups. Differences were not as great as 
might have been expected in the groups, perhaps because of insufficient 
initial differentiation in the establishment of the experimental groups. 
For example, the 30-32 day old hamster is just completing the initial 
spermatogenetic cycle; spermatozoa are present and entering the 
epididymis for the first time. Histologically, there would be little 
difference in the cellular state of the young and adult testes, but size 
and hormonal state do differ. 


DISCUSSION 


McEnery and Nelson (1953 a, b) analyzed the rat testis for P dis- 
tributions in the several fractions, including the desoxyribo- and 
ribonucleic acid fractions of the residual proteins under normal and 
experimental conditions and during the growth period. An examina- 
tion of their data with reference to their conclusion that lipid P con- 
centrations remain constant under various conditions, as compared 
with our own for the hamster testis after administration of P*, indi- 
cates that percentage lipid phosphorus values increase as a result of 
irradiation effects. McEnery and Nelson (1953b) cautiously suggest 
that the lipid phosphorus of the testis may be increased directly as a 
result of x-irradiation and under conditions of cryptorchidism on the 
basis of high lipid P values after these treatments as compared to 
hypophysectomy and estrogen-treatments, where lower than normal 
values were found. 

In order to compare the data of several authors, Table 5 gives the 
results of available analyses of organic phosphorus fractions of rat 
and hamster testes in mg. P per testis, and also of P**, after conversion 
to percentage values of the several fractions in relation to the total 
phosphorus accounted for. It will be noted that in all cases where P** 
was injected, the % LP was similarly high, as compared with the 
McEnery and Nelson (1953a) values for normal adult testes (20.7% 
and 18.8% LP*' for 60- and 180-day-old rats, respectively), and with 
our 20.5% for LP* content in adult hamster testes. Only in 30-day 
post-x-irradiated and 200-day cryptorchid rats did the McEnery and 
Nelson (1953b) values for % LP approach those obtained by others 
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who used P** (McCarter and Stelges, 1948) (Borell, Diczfalusy, and 
Westman, 1953) and ourselves. It therefore seems conclusive that 
the administration of P** by injection results in an elevated percentage 
of lipid P, and that this effect is evidently attributable to }-radiation. 

The effect of P** 6-radiation in producing an increasing % lipid P 
(about 6-8% ) must be immediate and continuous. In the experiments 
of Borell et al. (1952), only three hours elapsed between P* ad- 
ministration and autopsy. McCarter and Stelges (1948) used a 24- 
hour period, and our data were obtained after 48 hours. It is evident 
that the effect is not a transitory one, but is noted at least over the 
two-day period for which data is available, and in x-irradiation de- 
terminations, after a 30-day period. Further investigations to clarify 
the nature of this radiation effect on the testis would seem desirable, 
and more conclusive experiments are needed. 

The observations of Milch and co-workers (1954) that following 
body x-irradiation there is an elevated blood lipid P and a lowered 
blood cholesterol in the rabbit is worth noting in relation to the changes 
observed in the whole testis. A question arises as to whether the 
observed elevation of the testis % LP may be due to changes in blood 
lipid P or in the testicular tissues themselves. Since much higher 
radiation dosages were used in the x-ray experiments on the blood 
lipid P than in those involving P** treatments, it seems doubtful 
that increased testis % lipid P could be accounted for by blood remain- 
ing in the testis at the times of analysis. 

Further study of the data of McEnery and Nelson (1953a,b) on 
the relative quantities of phosphorus in the several chemical fractions 
of the testis under normal and experimental conditions enables a sum- 
mary of their findings in relation to the growth of the testis in Figure 1. 
Taking their absolute mean values for testis weight and the several 
phosphorus fractions, the increase in each has been calculated in terms 
of the number of times the values of each for the 10-day 
old testis, which, therefore, serves as a base unit of one. Sev- 
eral interesting relations appear when a comparison is made 
in this simple way. First, there is a direct parallelism between 
testis weight and lipid P increase from the 10-day to 180-day 
testis, except for a slight decrement in the latter. Second, the marked- 
ly high LP levels of the normal adult testis are evidently significant 
in relation to testicular function, as compared to the ASP. Third, once 
the adult phase is attained, the relative phosphorus quantities ap- 
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FIGURE 1 
Graph showing distributions of the organic phosphorus fractions during normal 
growth of the rat testis and after experimental treatments. (After McEnery and Nel- 
son, 1953a,b). Ordinate values are calculated relative to the 10-day old rat testis 
as IX; age is indicated in days on the abscissae. 


Legend: 

— testis weight 

— lipid phosphorus 

— acid-soluble phosphorus 

— ribonucleic acid phosphorus 
— desoxyribonucleic acid phosphorus 
— after hypophysectomy 

— estrogen-treated 

— 30 days post-X-irradiated 
— Cryptorchid (80 days) 

— Cryptorchid (200 days) 
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parently become stabilized in the several fractions. Fourth, an abrupt 
rise in growth begins at the thirtieth day and continues to the fortieth 
day in all fractions, but it is noted that the LP rises most sharply and 
continues to increase rapidly between the fortieth and sixtieth days, 
when the LP becomes stabilized and parallels the ASP and nucleic 
acid P fractions in further growth. The changes noted are coinci- 
dent evidently with the completion of initial phases of spermatogenesis 
near the fortieth day and the attainment of adult hormone output 
near the sixtieth day. The continuing lipid phosphorus increase be- 
tween 40 and 60 days of age possibly could be associated with the 
attainment of adult levels of lipid and steroid hormonal metabolism 
necessary for a complete breeding state. 

Leblond and Clermont (1953) describe the germ cell cycle of the 
rat and hamster as consisting of five spermatogonial divisions that 
produce 24 spermatocytes and one stem cell for the next generation 
of spermatocytes. It is, therefore, of considerable interest to note that 
the nucleic acid P increases are almost exactly coincident at 25 X the 
10-day figure at forty days of age, when the first spermatogenic cycle 
is in progress. 

In the lower right-hand area of Figure 1, the relative quantities of 
the several fractions of phosphorus compounds of the rat testis under 
experimental conditions are indicated from the data reported by 
McEnery and Nelson (1953b). It is interesting to observe that testis 
weight (W), lipid P, acid-soluble P (A), desoxyribose nucleic acid 
P (D), and ribonucleic acid P (R) all approach the levels of the thirty- 
day testis, except for slight variations. Hypophysectomized adult rats 
conform closely to the thirty-day old testis, but estrogen treatments 
give slightly higher comparative values. After x-irradiation and 
cryptorchidism lipid P levels remain highest even in the eighty-day 
cryptorchid testis. After x-irradiation nucleic acid P levels are lowest, 
reflecting the well-known sensitivity of germinal cells to this treat- 
ment, and a probable nucleic acid-spermatogenetic cycle relationship, 
as discussed in detail by McEnery and Nelson. 

Although McEnery and Nelson (1953a) report no alterations in 
lipid P concentrations in their ten- to 180-day series of normal rat 
testes, an increase in absolute LP quantities coincided with growth and 
age changes. Reference to Table 5 demonstrates that the data of 
McEnery and Nelson also show a progressive increase in % LP with 
development and growth of the testis. This fact was not mentioned by 
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them and it is noteworthy that a nearly comparable decrease occurred 
in the % acid-soluble P with growth and development. Nucleic acid 
% P values decreased slightly. The greatest increase in % LP, 
however, appears in their developmental series between the thir- 
tieth and fortieth days of age (when active spermatogenesis 
begins) and continues through the sixtieth day when male sex hormone 
production of the adult age is nearly attained. Unfortunately, it re- 
mains difficult to segregate spermatogenesis and hormone production 
in time or by experimental means in order to establish more precise 
correlations. The alterations noted in the relative amounts of lipid 
phosphorus in testis growth must be interpreted, therefore, as cor- 
related with (1) growth in size and increase in cell numbers, (2) 
steroid metabolism in relation to androgen synthesis, and (3) as yet 
uncertain reactions relating to metabolic adjustments probably as- 
sociated with hypophyseal functions. The latter conclusion seems 
justifiable on the basis of the observed percentage changes in the 
relative distributions of the several fractions after beta- and x-irradia- 
tion, and the correlation of stable organic phosphorus percentages with 
the attainment of sexual maturity. 

Beta-radiation effects following injections of P** are apparently 
similar to effects of partial body x-irradiation, in that % LP values 
of the testis are increased. It is also interesting to note that this 
response is rapid in occurrence after P* injections, and that a similar 
effect is observed in both irradiated and cryptorchid testes. The in- 
creased percentage lipid P seems directly related to the accompany- 
ing metabolic changes in the testis and it may be suggested that this 
fraction could provide a useful index for measurement of testis growth 
responses in experimental studies. Riedel and Rossiter (1954) find 
a similar effect in adrenal glands after hypophysectomy, and arrive at 
a similar generalization regarding lipid phosphorus changes and meta- 
bolic alterations. 

SUMMARY 


The available published data on lipid phosphorus of the testis after 
treatments with P* indicate that the percentage lipid P is increased 
about 6-8% over normal, and that the percentage acid-soluble P is 
reduced. A comparison with the results of McEnery and Nelson 
(1953a,b) after x-irradiation and cryptorchidism suggests that in- 
creased percentage lipid P is a radiation effect following P** adminis- 
tration by injection. No differences were noted in the testis lipid P 





220 PHOSPHORUS DISTRIBUTIONS IN TESTES 


percentages in young, adult, or testosterone-treated young hamsters 
following P** injections. A marked increase in % LP occurs during 
normal testis growth between the 30th and 60th day, and is coincident 
with normal testis weight increase in the rat. 

Testosterone-treated young hamsters gave lower total P** values, 
notably in the ASP* fraction. In comparison with the untreated 
young testes, lower P** values and specific activities were observed in 


all fractions. 
The observed values suggest that the testosterone-treated animals 


more closely resembled the adult groups than the normal young of the 
same age, which exhibited the highest specific activities of the groups 
tested. 
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PHASE OF THE CELL!’ 
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INTRODUCTION 


THE cytotoxic effects on living tissues of antisera prepared in mam- 
malian hosts by inoculating homogenates of these tissues have been 
described numerous times in the literature. In a relatively few 
instances (Dulaney et al., 1949; Malmgren et al., 1951; Colter et al., 
1956; Horn, 1956), a specific particulate component from essentially 
one cell type or whole cells of one type were used as the antigen, and 
the cytotoxicity of the antiserum elicited toward the specific cell 
strain donating the antigen was demonstrated. Studies of this type 
naturally preclude the identification of the specific antigen or antigens 
involved because of their inherent complexity. 

A cellular preparation more amenable to quantitative and perhaps 
even qualitative antigenic analysis is known as the “saline-soluble 
fraction” of a cell or tissue; i.e., the supernatant fraction of a brei 
formed in physiological saline by any of a number of disrupting tools 
and subjected to a wide range of centrifugal forces. Some work with 
an antigen prepared in this manner from cancer cells (e.g., Colter 
et al., 1956) has been reported, but a more abundant and in most 
instances a more fundamental type of research on cytotoxicity with 
an antigen of this type has been reported in the embryological litera- 
ture. Antisera to variously prepared saline-soluble fractions of 
embryos have been used to treat developing embryos of different ages 
and have been shown to produce a variety of cytotoxic effects usually 
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resulting in, or at least coincident with, the death of the embryo at a 
particular stage (Burke et al., 1944; Parkes, 1946; Ebert, 1950; 
Flickinger and Nace, 1952; Clayton, 1953). The physicochemical 
analysis of these antigenic mixtures could ultimately lead to the iden- 
tification of the specific antigen or antigens that elicit a cytotoxic 
antiserum. 

This study was based on the same rationale as those investigations 
already mentioned; namely, that a study of the macromolecules of the 
cytoplasm is the most fruitful route to the identification of a cellular 
antigen or antigens that stimulate production of cytotoxic antisera. 
The “soluble phase” of Anderson (1956) was chosen here as the anti- 
genic mixture because it was assumed to contain fewer antigens than 
whole breis, having lost all particulates by sedimentation. In addition, 
the use of a single cell type, the Ehrlich ascites tumor cell, for prepara- 
tion of antigen* and testing seemed to have certain obvious advantages 
over the saline-soluble breis prepared from solid tumors or minced 
embryos with their heterogeneity of cell types and presumed addi- 
tional subtle macromolecular differences. 


MATERIALS AND METHODS 


Mice.—All mice used in these experiments were male and female 
inbred CsH strain supplied by Cumberland View Farms, Clinton, 
Tennessee. 

Preparation of antigen.*—Ehrlich ascites tumor cells to be used for 
the preparation of antigen were collected in dilute Versene* from a 
few mice, providing 10-15 ml of a milky ascitic fluid. The pooled cells 
were diluted with saline and strained through silk bolting cloth to 
remove small clots, after which they were washed several times by 
successive centrifugations and resuspensions in fresh 0.15M NaCl. 
After the final wash, the remaining erythrocytes formed a thin upper 
layer easily aspirated with a pipette. The packed tumor cells were 
then suspended in several volumes of 0.25 M sucrose and with suc- 
cessive centrifuging and suspension were washed several times in the 
sucrose solution. The final packed volume of cells (2000 rpm, average 
relative centrifugal force of 800) was resuspended in sucrose in a 1:5 


% “Antigen” used generically and in the singular to designate the inoculant in these 
experiments with the knowledge (and ignorance) of its multiplicity and heterogeneity. 

4 A stock solution of 0.3M disodium versonate in 0.15 M NaCl was used to dilute 
the collected ascites fluid in a ratio of 0.01 ml of stock per 1 ml of ascites fluid. 
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dilution and blended in 10 ml samples in a microhomogenizer,’ with 
the blending cup packed in ice during the 4- to 5-minutes’ homogeniza- 
tion. The product was then centrifuged for 1 hour at 40,000 rpm, this 
providing an average gravitational field of 105,400 times.° This centri- 
fugal treatment has been shown to remove all nitrogen-containing 
particles from such a preparation within 15 minutes (Anderson, 1956). 
A crust of fatty material was discarded from the upper portion, and 
the main volume of clear fluid was then removed carefully from a 
small pellet. Micro-Kjeldahl nitrogen determinations were immediate- 
ly accomplished for each such supernatant preparation. The super- 
natant, without further treatment or storage, was injected intravenous- 
ly into rabbits. All steps in the preparation of the antigen were carried 
out at 0-4° C. 

Immunization schedule-——Each rabbit was injected intravenously 
with antigen on alternate days for two weeks, receiving a total of ap- 
proximately 60 mg protein. Freshly prepared antigen was used for 
each injection. Since the protein content per unit sample varied con- 
siderably from preparation to preparation, the volume of each super- 
natant antigen injected was calculated to provide the individual rabbit 
with essentially the same quantity of protein per injection. After two 
weeks injections were stopped for a week. On the twenty-first day of 
the schedule a small blood sample was taken from each animal, the 
serum collected, and a complement-fixation titer obtained against a 
known concentration of freshly prepared antigen. This primary bleed- 
ing always gave a low titer. On the thirty-fifth day the animals were 
challenged with a single intravenous injection of approximately 60 mg 
of protein. A week later the animals were bled and again tested by 
complement fixation (CF). Since the titer had invariably improved 
considerably, the animals were bled for a reasonably large volume; 
the serum was collected, merthiolate added, and stored under refrigera- 
tion. In these experiments we used only this antisupernatant serum 
(AS) obtained after a secondary injection. The rabbits were chal- 
lenged several weeks later with another dose of approximately the 
same protein content and, after an additional week, were bled to death. 
A test of the CF activity of this serum showed it to have a titer not 
exceeding that obtained after the secondary injection or first challenge. 

Antiserum testing —The antiserum obtained from secondary injec- 


* Canadian M.S.E. Limited, Model 1 MSE Homogenizer. 
* Spinco preparative ultracentrifuge, Head No. 40. 
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tion was tested in a number of ways. As already mentioned, CF titers 
against fresh preparations of antigen were determined. In addition, 
CF titers against whole ascites cells, their nuclei, mitochondria, and 
nucleoprotein were also ascertained to compare with those found 
earlier for antisera to other fractions. For further comparison an 
ascites cell agglutination titer was obtained in the same manner as was 
described earlier (Horn, 1956). 

Finally, the cytotoxicity of this antiserum to the ascites cell was 
tested in vivo and under a variety of in vitro conditions. 

The in vivo experiment was similar to earlier tests of antisera 
against other cell components. Immediately after receiving a measured 
dose of ascites cells (4.0 X 10°/mouse), 20 mice were each given an 
intraperitoneal injection of 0.25 ml of undilute, untreated antiserum. 
Twenty others that received the same ascites challenge were each 
given 0.25 ml of untreated, normal rabbit serum (NRS).‘ Two and 
4 days after this initial treatment, the 40 mice were given identical 
injections of respective sera. Their survival was noted twice daily for 
60 days. 

The in vitro experiments were designed for studying the effects on 
cytotoxicity of the three variables, cell concentration, complement, 
and incubation temperature. 

First, a constant concentration of untreated AS and untreated NRS 
were incubated with different known dilutions of ascites cells for 1 
hour at room temperature before their injection into mice. Twenty 
mice were used for each concentration, which, when injected as a 0.2 
ml suspension, ranged from 8 X 10° to 0.5 X 10° cells per mouse in a 
twofold dilution series. Their individual survival was noted for 
60 days. 

In a second group of experiments the role of rabbit complement in 
the in vitro cytotoxic reaction was tested in two ways. The cytotoxi- 
city of heat-inactivated versus untreated antiserum was compared with 
that of similarly treated anti-mitochondrial serum (AM), the cyto- 
toxicity of which had already been demonstrated (Horn, 1956). 
Inactivation of the treated sera consisted of exposing them to 56° C 
for 30 minutes. Quantities of untreated and inactivated, both experi- 
mental and normal, were mixed with equal quantities of ascites cell 
suspensions (6.8 < 10°/0.1 ml) and allowed to incubate 1 hour at 


7 The normal rabbit serum was collected and pooled from bleedings of those specific 
rabbits later used for the production of antisupernatant serum. 
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room temperature. Aliquots (3.4 < 10° cells) of each mixture were 
then injected into mice whose survival was noted twice daily for 60 
days. A second method provided a control of the first by removing Ca 
and Mg ions necessary to the complement reaction. The naturally 
occurring complement in the NRS was determined by CF, and the 
amount of sequestering reagent (Versene) necessary to prevent the 
reaction was also determined. Twice the amount of reagent necessary 
to prevent the reaction was then added to the rabbit antiserum and 
its in vitro cytotoxicity tested as described for the preceding experi- 
ment. 

The third experiment was designed to detect effects of as short as 
15 minutes incubation at elevated temperatures of the untreated sera 
on the tumor cells. Since incubation of ascites cells at 37°C in air 
with normal rabbit serum produced an apparent cytotoxicity, the ex- 
periments were repeated in an atmosphere of nitrogen with an incu- 
bation time of 15 minutes. 

RESULTS 


Complement fixation and cell agglutination activity—Table 1 is a 
comparison of the CF titers of all the antisera prepared against 


TABLE 1 
Complement fixation titers for homologous and heterologous combinations of antisera 
and antigens in the separated fractions of the ascites tumor cell, in the whole cell, 
and in mouse ascitic fluid 





Antigens 
Nucleo- Ascitic 
Antisera* Cells Nuclei Mitochondria protein Supernatant Fluid 











320 40 160 10-20» 20 0 
80-160 160 320 80-160 10 _— 
80-160 160-320 160-320 20 20 10 

40 20-40 80 80 10 — 

160 40 40 10 160 10 

40 80-160 40 40 160-320 





a AC — whole cell antiserum; AN — nuclei antiserum; AM — mitochondria anti- 
serum; ANP — nucleoprotein antiserum; AS — supernatant antiserum; AAF — ascitic 
fluid antiserum. 

b A one-tube variation in range was not uncommon since the tests were run a number 
of times. 


ascites cell components when tested with all the varieties of antigens 
used. Table 2 is a summary of the ascites cell agglutination titers 
obtained with the same antisera. 

In vivo cytotoxicity—Fig. 1 depicts the daily mortality of two 
groups of mice, one receiving ascites cells and intraperitoneal injec- 
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TABLE 2 
Ascites Cell Agglutination Titers for Antisera Prepared Against the Ascites Cell and 
Its Components and Two Unrelated Antigens 





Antiserum Titer 





Antiserum to whole cells (AC) 1280 
Antiserum to cell nuclei (AN) 160 
Antiserum to cell mitochondria (AM) 

Antiserum to cell nucleoprotein (ANP) 

Antiserum to cell supernatant fraction (AS) 

Antiserum to mouse ascitic fluid (AAF)*# 

Antiserum to bovine plasma albumin (ABPA)? 





« The AAF gave a homologous precipitin titer greater than 1:1000 in antigen dilution 
tests. 

b The ABPA gave a homologous precipitin titer of 1:105; a CF of 1:1280. It did not 
react precipitin-wise with the supernatant or ascitic fluid antigens. 


tions of NRS, the other the same number of cells and intraperitoneal 
injections of AS. The mean survival of the group treated with NRS 
was 12.5 days, the last animals dying on the seventeenth day. On the 
other hand, all the animals receiving AS were still living at 15 days, 


In all figures the number above each bar that terminates before 60 days represents 
the mean survival time of that mouse group. Each column represents 20 mice. 
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IN VIVO 
FIGURE 1 
Daily survival of mice that have received a tumor implant on day O and three suc- 
cessive injections of NRS or AS. 
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and one animal was still alive at 60 days when the experiment was 
terminated. 

In vitro cytotoxicity Fig. 2A shows the daily survival for 60 days 
of mice inoculated with aliquots of tumor cells pretreated with NRS, 
AS, and AM at room temperature for 60 minutes. The mean survival 
time for the NRS-treated controls was 7.4 days. 


B 


SURVIVAL TIME (days) 





NRS AS AM NRS AS AM NRS AS 
(INACTIVATED) (VERSENE) 


FIGURE 2A 
The daily survival of mice that have received equal numbers of tumor cells treated 
with NRS, AS, or AM. 
FIGURE 2B 
Identical to 2A except that all sera were first heated to 56° C for 30 minutes before 
being used to treat tumor cells. 
FIGURE 2C 
Similar to 2A except that all sera were treated with enough chelating agent to prevent 
complement activity. 


When the sera used to suspend the cells were first heat inactivated, 
these results were slightly altered (Fig. 2B), indicating the inter- 
vention in part of complement or some other heat-labile substance. 
Survival of animals receiving AS- or AM-treated cells was slightly 
poorer, although the survival of the controls improved slightly (12.5 
days mean survival). If, instead of heat-treated sera, chelated (Ver- 
sonated) sera were used, the result was a similar slight decrease in 
survival time (Fig. 2C), from which we concluded a partial minor 
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complement-dependent activity. The difference between mean survival 
times of the controls in these two experiments is of doubtful signifi- 
cance. 

The effect of varying the concentration of cells treated with un- 
diluted serum is shown in Fig. 3. The highest concentration of cells 
(8 X 10°/mouse) treated with antiserum (AS 1) showed little effect 
from the exposure to the cytotoxic serum, but treatment of all dilu- 
tions of this cell concentration produced a measurable cytotoxic effect. 
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Oo 
1/2 1/4 1/8 {1/16 { 
NRS AS 
DILUTION OF CELLS 
FIGURE 3 


Daily survival of mice inoculated with various dilutions of NRS- or AS-treated 
ascites cells. AS 1 = 8 X 108 cells/mouse; AS % = 4 X 108 cells; AS 4 = 2 X 10%, 
on. 


Indeed, after two halving dilutions (AS ™% or 2 X 10° cells/mouse) of 
the cell concentration, protection was essentially complete, although 
the controls had a mean survival time of but 12.5 days. 

Increasing the temperature of cell exposure to sera from ambient 
(23° C) to 38° C produced the result shown in Fig. 4A. The normal 
serum seemed to be extremely deleterious to the tumor cells (as meas- 
ured by mouse survival) if the exposure was as short as 15 minutes. 
When a portion of the experiment was repeated (15 minutes at 38° C) 
but in an atmosphere of nitrogen (Fig. 4B), the cytotoxicity of the 
AS emerged clearly. Comparison with Fig. 3 (AS %) would indicate 
that 15 minutes’ incubation at 38° is roughly equivalent to 1 hour at 
room temperature. 
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DISCUSSION 


The present results add another cytotoxic antiserum to the two 
already named in these continuing studies on the Ehrlich ascites tumor 
cell of mice. Antinuclei and antimitochondria sera prepared against 
components of these cells have already been reported as cytotoxic 
(Horn, 1956). 
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FIGURE 4A 


Daily survival of mice inoculated with aliquots of tumor cells that have been incubated 
in air at 37° with NRS or AS for 15, 30, or 60 minutes. 


FIGURE 4B 
Daily survival of mice inoculated with aliquots of tumor cells that have been incubated 
at 37° C in an atmosphere of nitrogen with saline (SAL), NRS, or AS for 15 minutes 


The separation and use of the soluble phase of a cell type as an 
antigen has, unfortunately, been limited to its saline-soluble com- 
ponents almost exclusively. The only comparable previously reported 
study of the soluble phase as antigen has come from that of Colter and 
co-workers (1956). This group studied the cytotoxicity to tumor cells 
of antisera prepared against deoxyribonucleoprotein, ribonucleopro- 
tein, and a “soluble protein” fraction prepared from a saline treated 
cytoplasmic extract of mortar-ground, frozen Ehrlich ascites tumor 
cells. They reported cytotoxic activity toward tumor cells in the 
antisera elicited by either nucleoprotein fraction, but the application 
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of their “soluble protein” antiserum to tumor cells was without pro- 
nounced cytotoxic effect. Colter has since indicated (personal com- 
munication) that the “soluble protein” fraction did elicit an antiserum 
capable of fixing complement in the presence of the homologous anti- 
gen. From these data one may assume that the method employed to 
isolate this fraction did not yield a product comparable to the soluble 
phase defined in the present study. 

The use of a single cell type from which to derive antigens, in con- 
trast to the whole-organ or whole-animal mince school, has obvious ad- 
vantages in the search for the underlying mechanism of cytotoxicity. 
Nevertheless, we are still faced with the rather bleak prospect, in our 
ignorance of cell chemistry, of having to pluck from a heterogeneous 
haystack a needle of unknown dimensions and composition. Com- 
pounded with the obvious multiplicity of antigens involved with each 
cell fraction used for these studies is a “further complication” so 
succinctly put by Landsteiner (1947); namely, “that one antigenic 
molecular species or even one determinant group does not engender 
just a single uniquely defined counterpart.” Presumably, different 
rabbit antibodies are involved in the cell agglutination, CF, and cyto- 
toxic phenomena demonstrated herein. Heidelberger and coworkers 
(reviewed in 1954) demonstrated the existence in the horse of two 
different antibody-producing mechanisms whose stimulation is to high 
degree dependent on the route of antigen introduction. They also 
showed that the type of antibody elicited, e.g., antitoxin, precipitin, is 
dependent on the type of antigen. Talmage et al. (1956) showed the 
presence of two types of antibody differing in sedimentation rate and 
hemolytic efficiency in sera from rabbits injected with a single antigen. 

In view of these variables it is not surprising that a comparative 
study of the antiserum activities examined here (agglutination, com- 
plement fixation, and cytotoxicity) show no apparent correlation. 
There is then no basis for predicting the measure of one activity from 
that of another. This has been amply demonstrated, for example, by 
the antiserum elicited by whole-cell injections. This antiserum can 
agglutinate suspensions of tumor cells in high dilution, but the metabo- 
lism of enough of these same cells has certainly not been affected to 
such an extent that the survival of a significant number in a mouse 
host is prevented; this demonstrates, we feel, the absence or small 
quantity of cytotoxic antibody or antibodies. Tyler and Brookbank 
(1956), working with antisera produced against presumably “highly 
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pure” fertilizin, noted sperm agglutination as well as cleavage-block- 
ing activity. Absorption of the sera with sperm removed the agglutinin 
with only a partial depression of the cytotoxic titer. One must con- 
clude that either the fertilizin preparation contained at least two 
species of molecules, or that this is simply another example of a single 
antigen eliciting at least two species of antibodies. 

A review of the most recent literature dealing with the possible role 
of complement in the cytotoxic reaction reveals clearly that a host of 
antigens are stimulating the production of cytotoxic sera, all of which 
seem to exhibit a degree of specificity to the eliciting tissue or whole 
animal. Using macerated Brown-Pearce carcinoma to provide cell 
suspensions for assay and the sera of rabbits with regressed tumors 
to supply the antibodies, Kalfayan and Kidd (1953) studied the cyto- 
logic changes in the exposed cells. The cytologic changes which they 
described were dependent on the presence of complement as well as on 
the antiserum. /n vitro exposure of tumor cells to antisera produced a 
cytotoxic effect assayed by tissue transfer to fresh rabbit hosts; this, 
too, was complement dependent. 

In an antiserum prepared against ruptured HeLa cells, Mountain 
(1955) distinguished subjectively an agglutinating from a lysing 
activity on these cells when exposed in tissue culture to the experi- 
mental sera. She lumped these phenomena together, unfortunately, in 
describing what she characterized as the cytopathogenic effect. In a 
test to determine complement dependency of the effect, however, she 
assumed that the two activities were separable since the agglutinin 
appears to be complement independent while the lysin is dependent on 
the presence of complement. In view of our results with the ag- 
glutinating ability of the whole cell antiserum, which lacked cyto- 
toxicity (and it may be added, was complement independent), it would 
be interesting to know if the HeLa agglutinin is really cytotoxic. 
Agglutination alone is certainly not a definitive criterion of cyto- 
toxicity. 

Flax (1956) collected a cytotoxic antiserum from rabbits by pre- 
senting them with Ehrlich ascites tumor cells through six portals 
simultaneously. In light of Heidelberger’s findings (op. cit.) on the 
relation of antibody quality to antigen route, we can consider this 
antiserum only superficially comparable to our whole-cell serum. 
Using the gamma globulin fraction of his serum, he demonstrated a 
complement-dependent cytotoxicity based on mouse survival, on vital 
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staining of exposed cells, and on enzyme studies. Miller and Hsu 
(1956), using homogenized HeLa cells as their antigenic stimulus, ob- 
tained cytotoxic sera from rabbits and roosters. Interestingly, the 
rabbit antiserum proved to be complement independent for the cyto- 
toxic effect, but the avian serum lost a good part of its activity upon 
heat inactivation. In our experience with chicken serum, we have ob- 
served inevitably a heavy precipitation after short-term (48 hr) re- 
frigeration; this suggests further basis for caution in interpretations 
from avian serum. 

Schrek and Preston (1957) investigated the cytotoxic action on 
tumor cell suspensions of the sera of rats that had experienced a 
regressed Bagg tumor. Differential staining of the cells after exposure 
to the rat sera supplied their method of assay. In their experiments 
the cytotoxic effect was completely complement dependent. Further- 
more, contact with Bagg tumor cells or with “tumor extract” (from 
their description of the preparative method probably a mitochondria 
and microsome fraction) removed the cytotoxic activity. 

Among the studies of cytotoxic antisera applied to embryonic 
materials, there seems to have been little attempt to analyze possible 
complement dependency. One of the earliest studies of this type was 
that of Parkes (1946) who used an antiserum prepared against 
minced tadpoles. The antiserum proved lethal to tadpoles and de- 
pendent on complement for this effect. Ebert (1950) used heat- 
inactivated sera throughout his work, thus demonstrating the comple- 
ment independence of the reaction. Clayton (1953) also used heat- 
inactivated sera to produce cytotoxic effects on exposed embryos. The 
use of complement-bolstered sera in both cases might have provided 
interesting comparative material. 

From the foregoing observations the evidence seems to be over- 
whelming that the variety of cytotoxic effects reported in the literature 
are from a variety of antibodies that need have no more in common 
in their mode of action than that they all produce the same end point, 
namely, death to some restricted cell type exposed to them. The 
present studies, in which we have attempted to reduce the hetero- 
geneity of possible antigens to a reasonable level by removing all 
nuclear and particulate material, indicate that we are dealing with at 
least two cytotoxic entities in the AS, the one more potent and com- 
plement independent, the other less active and complement dependent. 
Our observations here and in earlier work indicate that neither is 
agglutinating or lysing in action. 
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It is important to point out a difference between the AS produced 
for these studies and a number of cytotoxic sera produced for com- 
parable studies where less restricted portions of cells were used 
(Ishikura et al., 1950; Motoyama et al., 1952; Nungester and Fisher, 
1954; Mountain, 1955; Flax, 1956; Miller and Hsu, 1956). All of 
these investigators reported that their antisera were toxic in some 
degree to normal mouse tissue. The AS apparently lacked this toxicity. 
For economic reasons the experiments reported here were terminated 
at 60 days. In some instances, however, limited numbers of test ani- 
mals injected with treated tumor cells were kept much longer. Their 
survival seemed (subjectively) comparable to that for the normal 
colony for their age group. The im vivo experiments, in which im- 
mediate toxic effects should have been most evident, seem to be the 
best demonstration of this lack of toxicity. One cannot be so conclu- 
sive about the possible long-range (beyond 120 days), more insidious 
effects on organs, e.g., kidney, liver, spleen. 

The widespread cross reactivity demonstrated by the complement- 
fixing ability of the various antisera, together with the variety of 
heterologous antigens, cannot be attributed solely, or even in large 
measure, to the use as antigen of grossly contaminated cell fractions 
(Horn, 1956). For example, whole cells, nuclei, mitochondria, or 
microsomes could not be present in the supernatant fraction prepared 
as described. Anderson (1956) has amply demonstrated the lack of 
insoluble particulate matter in similar preparations from rat liver 
cells. The cross reactions, however, between AS and the whole cells 
or to a lesser extent with their mitochondria or nuclei are clearly shown 
in Table 2. This finding continues to support an earlier suggestion 
(Horn, 1956), namely, the universal distribution within a cell’s com- 
ponents of common antigenic substance or substances. Unreported 
results from systematic absorptions of these antisera with whole cells 
or with mitochondria show a gradual decline in their complement- 
fixing ability, whether the antigen is homologous or heterologous. We 
further suggest now that this common antigen or antigens might be a 
(or the) structural protein of the membranous portions of the cell. 
The rapid accumulation of morphological data on the ultrastructure 
of cells from electron microscopy reveals in striking fashion what 
now appears to be the general and fundamental lamellate architecture 
of the nuclear membrane (Bairati and Lehmann, 1952), the Golgi 
apparatus (Dalton and Felix, 1954), the mitochondria (Palade, 1952), 
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and even the ground substance—more appropriately named, by some 
at least, the endoplasmic reticulum (ergastoplasm) (Dalton, 1951; 
Palade, 1952). A protein component of these organelles has generally 
been assumed from fixation studies, as has a lipid portion. Quite 
obviously—assuming within a cell type identity of protein in the struc- 
tures named—a protein as widely distributed in the cell as this must 
be would play a prominent role in the economy of the cell and in turn 
would be one of the commonest antigens in almost any fraction of 
that cell. It seems a safe assumption that a good deal of this same 
protein would necessarily be found in the soluble phase of the cell in 
preparation for its withdrawal from the “pool” to permit its subse- 
quent addition to any one of the host of “membranes” now known to 
exist. Such a suggestion, if perhaps naive and over-simplified, offers 
a working hypothesis, nonetheless, for further experimentation on 
the cytotoxic phenomenon. Indeed, Anderson (personal communica- 
tion) from his work on the soluble phase of the rat liver cell has 
suggested that the spindle protein or proteins might also be common 
to such a postulated system. Herein one has the basis then for a 
rather direct approach to the problem of cytotoxicity. 

The work of Stern and Elek (1957) may be particularly pertinent 
at this point. In a careful study of the antigenic basis for the three 
Cowan types of Staphylococcus pyogenes, these investigators prepared 
antisera to whole cells, cell walls, and endoplasm from the three classi- 
cal types. Agglutination, precipitin, and agar diffusion studies com- 
bined with selective absorption indicated no antigenic differences be- 
tween the outer and inner surfaces of the cell wall. Furthermore, ex- 
tracts from whole cell walls showed complete reactivity among the 
three types. The antisera to the endoplasmic fractions showed a great 
deal of cross reactivity among the three types, although agar diffusion 
studies indicated the possibility of minor groups and type-specific 
factors. Unfortunately, there was no indication of whether the endo- 
plasm and cell wall shared common antigens. In conclusion, Stern and 
Elek decided that the cell surface possessed the major and minor 
antigens important to the typing reaction investigated. The major 
antigens provide the group specificity (cross reacting with all types), 
but the minor are type specific and type shared. 

Provided that these results of Stern and Elek may be applied in a 
broad sense to the present problem dealing with quite different ma- 
terial, a further basis is suggested for a universality of structural cellu- 
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lar protein and an explanation is provided for any specificity that may 
be proved in the future. Finally, their results provide in a convincing 
manner the basis for at least some of the cross reactivity so easily 
demonstrated in these studies. 


SUMMARY 


An antiserum was prepared against the soluble phase of Ehrlich 
ascites tumor cells, which possesses a high cytotoxic activity against 
these cells whether applied in vivo or in vitro. A major portion of this 
activity is complement independent, a minor part complement de- 
pendent. A comparison of tumor cell agglutination and complement 
fixation activities for five antisera to ascites cells and their components 
is presented to demonstrate the impossibility of predicting cytotoxic 
activity from these tests. An interpretation of the wide serological 
cross reactions demonstrated by the complement fixation tests is given, 
together with a working hypothesis to explain the cytotoxicity reac- 
tion in this case. 
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INTRODUCTION 


THERE are many instances where genes have been implicated in the 
production of uncontrolled cell division. The gene polymitotic in 
maize (Beadle, 1931) is a classic example of a gene which produces 
supernumerary cell divisions without chromosomal duplication. Con- 
versely, mutants which prevent cytokinesis are known (Beadle, 1932). 
Mutants exist which permit division of accessory sperm nuclei (Whit- 
ing, 1943; Rothenbuhler and Gowen, 1955). Supernumerary cell divi- 
sions which arise in interspecific hybrids during spermatogenesis have 
been described by Dobzhansky (1934) and Crew and Koller (1936). 
Tumors of species hybrids (presumably resulting from genic imbalance ) 
have been described in mammals (Little, 1939), fish (Gordon, 1953), 
and in plants (Satina, Rappaport and Blakeslee, 1951 and Kehr and 
Smith, 1954). Different related species and the various races of a 
single species differ radically in cancer proneness, and such differences 
have in many cases a genetic basis (Huxley, 1956). In man certain 
rare tumorous conditions (xeroderma pigmentosum, retino-blastoma, 
multiple intestinal polyposis, and multiple neurofibromatosis) have 
shown single factor inheritance (Reed, 1955). In the mouse the 
inheritance of mammary tumors, lung tumors and of leukemia has 
been worked out in certain instances (Little, 1947 and Gruneberg, 
1952). There is evidence from tissue culture studies (Puck and Fisher, 
1956) that the cell population of the HeLa human cancer is genetical- 
ly non-homogeneous. The parallelism between the mutagenicity and 
carcinogenicity of certain agents implicates gene mutation as a factor 
in the production of neoplasia (Muller, 1954). It has been argued 
that the existence of virus-induced tumors rules out mutation as a 

! Research supported by the U. S. Atomic Energy Commission (Contract No. AT 


(11-1)-89, Project 12), the National Science Foundation (research grant NSF-G4816) 
ind by the Graduate School of Northwestern University. 
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factor in carcinogenesis. It is now known, however, that certain 
viruses can reside on host chromosomes, and the possibility exists that 
such viruses can modify adjacent host chromatin and so produce a 
reversible “mutational” state. 

The gene fused of Drosophila melanogaster produces ovarian tumors 
(King and Burnett, 1957) and thus belongs in the catalogue of mutant 
genes implicated in the production of abnormal cell division.” Fused 
belongs to the recessive female sterile category of mutations. A subse- 
quent cytological study of 21 other mutations of this category added 
two more mutants (female-sterile and narrow”) to the group charac- 
terized by ovarian tumors.* Once one takes into consideration the 
anatomical differences between the human and the fruit fly ovary, 
the Drosophila tumors to be described show some resemblance to those 
rare benign, human, ovarian neoplasms called Brenner tumors. How- 
ever, at this early stage it is perhaps wise to suspend judgement as to 
the relation between Drosophila ovarian tumors and tumorous growths 
in mammals. The data to be reported provide a more precise descrip- 
tion of female-sterile, narrow* and fused than was available previously. 


MATERIAL AND METHODS 


Information as to the history of the mutants, the stocks used and 
their source are presented in Table 1. Generally flies were grown on 
medium (for formula see King and Wood, 1955) in half-pint milk 
bottles at 23-25° C. The method used for egg collections has been 
described previously (King, 1955). Large hoops (7.6 cm o.d.) were 
used. The initial fly population was 10 females (the genotype varied 
according to the experiment) and 20 Oregon R-wild type males. Fe- 
males were allowed to lay continuously and hoops were transferred to 
fresh medium daily. The medium in Petri dishes was made according 


2 Whether the melanotic “tumors” of Drosophila melanogaster should be included is 
doubtful (Wilson, King and Lowrie, 1955). Rizki (1957) has shown that in certain 
pseudotumorous strains the “tumors” result from encapsulation during the larval stage 
of various tissues by lamellocytes. Normally lamellocytes are not found in the blood 
in large numbers until the pupal stage when a transformation of podocytes to lamellocytes 
takes place. However, this transformation occurs precociously in “tumor” strains. There- 
fore “tumors” are the result of abnormalities in metamorphosis rather than of uncon- 
trolled cell division. It is up to those workers who consider melanotic tumors in their 
Drosophila strains to be true tumors to show that the above phenomenon is not the 
mechanism in their material. 

3 Negative results were obtained with the following mutants: chromosome 1; deep 
orange, stubarista, diminutive, singed*5*, ocelliless, lozenge*, raspberry*, tiny, narrow- 
abdomen, rudimentary® ; chromosome 2; rotund, apterous*, apterous®®!, female-sterile 2.1 
combgap, minus; chromosome 3; crumpled, brief; and chromosome 4; shaven-depilate 
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to the formula (5g sucrose, 20g agar, 2g powdered charcoal, 5 ml 
propionic acid, 1000 ml water). Flies fed on this medium or on this 
medium to which a drop of a thick suspension of living Saccharomyces 
cerevisiae (Fleischmann’s active dry yeast) was added. 

Feulgen stained whole mounts were made of ovaries of various ages 
and various genotypes.* Observations were made with a number 5 
American Optical research microscope equipped with an Ortho- 
illuminator. Photographs were taken using Pola Pan 200 film mounted 
in a Polaroid Land camera back attached to an American Optical 
photomicrographic setup. 


Phenotypic characterization of FUSED 
External Morphology 


The mutation fused is an example of a gene with manifold effects. 
Fused flies are characterized by abnormal wings which are generally 
held outstretched (in the case of fu and fu°™), but may be folded over 
the back (fu‘ and fu°™). The pattern of longitudinal wing veins is 
modified in that veins 3 and 4 are fused from their origin to beyond 
the anterior crossvein (which is therefore eliminated). Fusions be- 
tween L 3 and L 4 may occur more distally with the result that the 
first posterior wing cell may be divided into a series of compartments. 
In the case of fu®“‘ veins 3 and 4 are often completely fused. In all 
alleles the ocelli are reduced in number or are entirely absent, and the 
ocellar and anterior scutellar bristles are also reduced in number or 
are entirely absent. The length of the scutellum is generally reduced. 


Miscellaneous characteristics 

Fused females eclose about 3 days later than do heterozygous fe- 
males or fused males. The longevity of fused females is considerably 
shortened (cf. figure 1). 

The fecundity of fused females is about 7% that of fu/+ females 


4 Procedure: Place etherized female fly in depression slide; cover with Drosophila 
Ringer solution; dissect out ovaries using jeweler’s forceps. After twenty or so ovaries 
have been collected drop them into a small vial containing one normal HCl at 60° C; 
maintain at 60° C for 14 minutes. To change solutions gently pour out fluids; use a clean 
micropipette to squirt in each new solution; handle tissue gently. Stain in leucobasic 
fuchsin until apical portions of ovary take on a deep violet color (5-60 minutes). Next 
two rinses (2 minutes each)—water saturated with SO,, 10% ethanol, 50% ethanol, 
95% ethanol, 100% ethanol, ethanol-xylene (1:1), and finally xylene. Transfer stained 
ovaries in a drop of xylene to a clean microscope slide. Examine at 20X using a stereo- 
scopic microscope. Tease ovary into its constituent ovarioles using jeweler’s forceps or 
glass micro-needles. Put a drop of permount over the tissue and cover with a cover slip. 
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(Figure 2). There are at least three reasons for this. The first is 
the smaller number of odcytes per ovary (approximately 2 that found 
in fu heterozygotes) which is due to the smaller number of ovarioles 
(Table 2). The second and third reasons are that many contigu- 
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FIGURE 1 
Longevity of adult female Drosophila melanogaster as a function of genotype and 
nutrition. Numbers in parentheses give the number of females at the start of the 


experiment. 
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Fecundity as a function of genotype and nutrition. Numbers in parentheses give the 
number of females at the start of the experiment. 
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ous developing egg chambers undergo fusion, while others are con- 


verted into tumors.* 
TABLE 2 
The Effect of fused on Ovary Size 





Number of Average Average Average 
ovaries number of number of number of 
Genotype observed ovarioles/ovary oocytes/ovariole oocytes/ovary 





fu/fu 12 8.7 7.5 65.3 
7 15.3 7.7 117.8 





The few normal appearing eggs which are laid produce adults only 
if they have been fertilized by sperm bearing the + allele of fused 
(Lynch, 1919). It follows that these apparently normal eggs are defi- 
cient in some vital substance (hereafter called the fused+ substance) 
that can be supplied by the + allele subsequent to fertilization. Fused 
eggs (from fused females) fertilized by fused or Y-bearing sperm 
develop into embryos which suddenly become abnormal at 5 to 5% 
hours after fertilization (Counce, 1956). There is established a gen- 
eral asymmetry in germ layers which is responsible for many ensuing 
aberrations. Such embryos never emerge, but manage to remain alive 
long after normal embryos have emerged as larvae. Fused eggs from 
heterozygous fused females develop normally irrespective of the geno- 
type of the sperm which fertilizes them. One simple explanation for 
this maternal effect is that quantities of the fu-+ substance sufficient 
for normal embryogenesis have been incorporated into the yolk by 
nurse cells (which have the maternal genotype and consequently the 
fu+ allele). 


The Tumors of fused ovaries 


Tumors occur in the ovaries of fu, fu‘, fu°™ and fu’ females. Low 
power photomicrographs of characteristic preparations are shown in 
Figures 3 and 4; higher power photomicrographs in Figures 5 and 6. 
A tumor consists of a group of between 100 and 10,000 cells (each 
5-8 micra in diameter with nuclei similar in size to oogonia) sur- 
rounded by a follicular epithelium. Numerous mitoses are observed 
in such tumors (Figures 7, 8 and 9). Generally the karyotype appears 
normal, but aneuploid metaphases and ring chromosomes have been 
observed. The tumors are often characterized by centrally located 


5 The reproductive system of fused females contains normal-appearing spermathecae, 
i ventral receptacle and accessory glands. 
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FIGURE 3 
Three ovarioles plus a stage 14 oocyte from a 10 day fused female. 14 Tumorous 
chambers are present. The cylindrical tumor in the lower ovariole originated from the 
fusion of several tumorous chambers. 


FIGURE 4 
A whole mount of a single ovary from a 10 day fused female. Note that among the 
immature oocytes normal chambers are in the minority (3 normal stage 6 oocytes/~ 
15 tumors). 
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FIGURE 5 
Tumors in the ovary of a 13 day fused female. Note the well defined follicular 
epithelium surrounding the tumor and the centrally located clusters of Feulgen positive 
granules. 


FIGURE 6 
One of the largest tumors observed (containing approximately 8,000 cells). 14 day 
fused female. 
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clusters of Feulgen positive granules (Figure 5). Ovarioles are often 
found in which a normal chamber is preceded and followed by tumor- 
ous chambers (Figure 4). In other cases ovarioles may be completely 
tumorous (Figure 3) or completely normal. Often the two ovaries 
may differ markedly in size. One ovary may have 10 times the mass of 
the other, because the larger ovary contains some stage 14 eggs, where- 
as the smaller one has nothing but tumors and immature oocytes 
(none more advanced than stage 7). 

Chambers are often observed which contain a heterogeneous as- 
semblage of cells (some resembling oogonia; others, nurse cells at 
various developmental stages; and others resembling oocytes). Such 
chambers often result from the fusion of various numbers of normal 
and tumorous chambers. Fusions of contiguous chambers are a com- 
mon abnormality in various mutant strains of Drosophila melano- 
gaster. We have observed such fusions in flies homozygous for the 
genes diminutive, rotund, ocelliless, female sterile 2.1, raspberry’, 
minus and especially in crumpled, and combgap (also reported by 
Beatty, 1949). Fusions also occur in the ovaries of flies exposed to 
ionizing radiation (King, 1957a) and in /g/ ovaries transplanted into 
fes hosts (Gloor and Hadorn, 1942). 

In cases where fusion of a normal and a tumorous chamber takes 
place, tumor cells may invade the tissue of the normal developing 
egg (Figures 10, 11 and 12). As the flies age the frequency of 
tumors (Figure 13) and the frequency of fusions (Figure 14) increase. 
Fusions of contiguous chambers do not occur at an elevated frequency 
until the 6th day. Fusions generally occur only in tumorous ovarioles. 
Tumorous chambers may fuse together or normal and tumorous cham- 
bers may adhere, but generally two normal chambers never fuse. By 
day 20 it is possible only to arrive at a minimum estimate for the num- 
ber of tumors and the number of fusions. This is because it is impos- 
sible to decide in the case of many tumorous masses just how many 
fusions have occurred. Therefore the declines shown in Figures 13 
and 14 at day 20 may not be real. 


Effect of nutrition on longevity, fecundity and ovarian cytology. 


A comparison was made of the longevity, ovarian development and 
fecundity of fu homozygotes and heterozygotes fed on sugar-agar and 
on sugar-agar supplemented with live yeast. The longevity of female 
flies fed on the supplemented medium is consistently higher than 
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FIGURES 7-12 
From a 10 day fused female 
(7, 8, 9) Tumorous chambers showing metaphases. In all 12 are shown clearly. 
10) An early stage in the fusion of a normal and a tumorous chamber. Note the 
vall separating the two chambers. (11 and 12) Normal chambers being invaded by 
tumorous cells. In 11 a portion of the wall separating the two types of tissue is still 
present. In 12 all traces of it have disappeared. 
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that of flies fed on sugar-agar alone (Figure 1). Heterozygous 
(fu/M5) females fed on yeast lay during the 3rd through the 9th day 
an average of 24 eggs per day (Figure 2). Homozygous fused flies 
on the other hand lay about 1.7 eggs per day. Sugar-fed, fu/MS5 fe- 
males lay approximately 8 eggs and then stop; whereas fu females lay 
only about 3 eggs. It appears that under our conditions the adults 
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FIGURE 13 
Tumor frequency as a function of age. Data for 6, 9 and 12 day fuff and 6 and 9 
day fu57a are included with those for fu females. The tumor incidence of fu®™ females 
appears to be lower than that of fu and fuff females. The number above each point 
gives the number of developing eggs examined. 








have only sufficient larval food reserves to allow them to synthesize a 
few eggs. 

The ovaries of fu/M5 females fed on sugar-agar show a fairly 
normal stage distribution up to the 8th day under our conditions. At 
this time, however, the ovary begins to regress to a state even less 
mature than that of a freshly hatched female (Figure 16). The 
ovaries of 13 day flies fed sugar-agar contain no stage 7 oocytes 
(Figure 15); whereas 7’s are plentiful in the freshly hatched female. 
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It follows that the metabolism of stage 6 and 7 oocytes differs, and 
that the sugar-agar medium lacks one or more nutrients necessary for 
the further development of stage 6 chambers. Yeast-fed, 13 day old, 
fu/MS females have ovaries which are relatively immense (Figure 17). 

The germaria of flies fed for 8-13 days on sugar-agar are markedly 
abnormal (Figure 18 vs. Figure 19). They are spherical rather than 
sausage-shaped, contain no germarial cysts, show no mitoses, and con- 
tain little cellular detail. On the other hand stages 2-6 appear fairly 
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The frequency of chamber fusion as a function of age. 


normal, although somewhat shrunken. Sugar-fed, fused flies show 
similar abnormalities (Figures 20-23). Developing tumors are filled 
with pycnotic nuclei. Nuclei which have undergone differentiation into 
nurse nuclei appear normal. Thus only undifferentiated, actively-divid- 
ing tissues degenerate under these circumstances. It appears that 
some nutrient essential for the maintenance of germarial and tumorous 
tissue is deficient in the diet of sugar-fed females. Thus the effects of 
the deficient medium include modification of both the germarial mor- 
phology and the stage distribution of oocytes. Whether or not the 
nutrient required for germarial maintenance is different from that re- 
quired for further development of stage 6 oocytes is unknown. 
According to Oster (1955) females which are fed on sugar-agar 
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FIGURE 15 
The ovaries of a 13 day fu/M5 female fed on sugar-agar. 


FIGURE 16 
One ovary of a freshly hatched fu/MS5 female. 


FIGURE 17 
One ovary of a 13 day fu/M5 female fed on live yeast. 
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FIGURES 18 AND 19 

The terminal portion of the ovaricle of a 13 day fu/M5 female fed on sugar-agar (19). 
Note that the germaria are spherical rather than sausage-shaped and that they contain 
little cellular detail. Compare with the normal ovariole (18). 

FIGURES 20-23 

Chambers from the ovaries of sugar-fed 8 day fu females. The chambers shown in 
10 and 21 are tumorous. Note that the majority nuclei are pycnotic. The chamber 
shown in Figure 22 is partially tumorous. Note in 22 and 23 that the nurse nuclei 
ippear relatively normal. 
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food for about 10 days have mostly oogonial cells in their ovaries. Our 
studies do not support this view. The ovaries of flies fed sugar-agar 
for 13 days contain at least 150 primary oocytes. Stages 2 through 6 
are represented. Whether or not any viable oogonia remain in the 
germarium is unknown at present. 


Studies of female-sterile and narrow” 


The mutants female-sterile (fes) and narrow” (nw*) are charac- 
terized by ovaries which are completely tumorous (Figures 24 and 
25). With respect to external morphology fes is wild type in ap- 
pearance. The spermathecae, accessory glands and ventral receptacle 
are present. Homozygous nw* females also have all sperm receptacles 
and accessory glands. This mutant is characterized by its pointed 
wings. According to Waddington (1941) the difference in the shape 
of the nw wing from wild type is due to the differences in the rate of 
the division of the wing cells in varying directions. Nw* and fes have 
a much longer longevity than fu females. Feulgen-stained whole 
mounts were made of mw” and fes ovaries from females of known ages 
(5 through 30 days). 

Depending on the age of the female the ovaries of fes and nw” have 
4 to 50 times the volume of the combined germarial tissue found in a 
normal ovary. It is obvious, therefore, that in both cases ovarian 
growth takes place, although no normal 16-cell chambers are produced. 
During the period studied (days 5-30) the fes ovary undergoes a 4- 
fold increase in size and ends up with a volume of 9 X 10° cubic micra. 
However, at best the fes ovary has a volume only 5% that of the 
mature wild type ovary. The ovaries of fes females are always larger 
than nw* ovaries of the same age. During days 5 to 30 the mw* ovary 
increases in volume from 0.8 X 10° to 5.2 X 10° cubic micra. 

The ovarioles of fes females are subdivided into a series of sausage- 
shaped masses of cells, and each cell mass is surrounded by a rather 
ill-defined follicular epithelium (see also Gloor and Hadorn, 1942). 
These large follicles are often subdivided by transverse follicle cell 
walls into a series of rather ill-defined cysts. The follicles are filled 
with thousands of oogonia-like cells and hundreds of cells in various 
stages of pycnotic degeneration. A few cells in each chamber are 
found in mitosis. Usually the karyotype is normal, but some highly 
polyploid metaphases have been observed which contain a dozen or so 
pairs of rod-shaped chromosomes plus irregular blobs of Feulgen- 
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FIGURE 24 
The ovaries of a yeast-fed narrow female (7 days old). 
FIGURE 25 


The ovaries of a yeast-fed female-sterile female (7 days old). 
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positive material. The follicles of fes females which are older than 10 
days normally contain about a dozen cells which resemble nurse cells 
at various developmental stages up to and including stage 6. These 
differentiated nurse cells are distributed in a random fashion through- 
out the cell mass. One instance was observed where differentiation ap- 
proaching the normal type occurred in a fes ovary. Four fairly normal, 
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FIGURE 26 
A portion of the ovary of a 13 day fes female. Note the 4 chambers which are nearly 
normal in morphology. One chamber contains thick, short, banded chromosomes. 


early egg chambers were produced by a 13 day old female (Figure 
26). No oocytes were observed in any of the chambers, however, and 
thick, short, banded chromosomes were observed in the nuclei of the 
cells of one chamber. Such chromosomes have never been observed 
previously. 

In the case of mw* the follicles are generally smaller than those of 
fes females, and they are more often spherical than sausage-shaped 
A well defined layer of follicle cells surrounds the tumorous mass. The 
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follicles are not subdivided into cysts. The karyotype of the meta- 
phases that can be analyzed appears normal. The follicles often con- 
tain a dozen so differentiated nurse cells which are never more ad- 
vanced than stage 4. As in the case of fes no oocytes have been 
observed (see also Beatty, 1949), pycnotic cells are very common, 
and most cells in the tumors resemble oogonia. Thus oocytes are rare 
or absent in fes and mw* tumors, but they are found in the fu tumors 
and in the radiation-induced ovarian tumors (King, 1957b). 
According to Clancy and Beadle (1937) fes ovaries implanted into 
fes-+ hosts remain rudimentary. Sobels (1950) has shown that 
fes* ;ltr ovaries develop normally when implanted into fes;/tr* hosts. 


DISCUSSION 


The three female-sterile mutations studied differ with respect to 
their degree of pleiotropism. The gene fes affects the ovaries, nw” 
affects both the ovaries and the wings, while fu affects the wings, 
ocelli, scutellum, certain bristles, the ovaries, and it lowers longevity 
and may terminate embryogenesis. However, it is assumed that each 
gene has a single primary action. 

The germarium of Drosophila melanogaster may be divided into a 
series of four regions (Figure 27). The first region contains oogonia, 


CHAMBER | 
GERMARIAL 
TERMINAL FILAMENT CYST OOCYTE 
INCIP | FOLLICLE 
cYS CELL 
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Op 
FIGURE 27 
The apical portion of a Drosophila ovariole. Note the mesodermal cells lying between 
the oogonia and the incipient cysts. 
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the second contains incipient cysts, the third contains the nurse cells 
of the germarial cyst, and the fourth contains the oocyte. In region 1 
cell division is unlimited; whereas in region 2 cell division is limited 
to 4 consecutive divisions (with the result that a 16-cell aggregate is 
formed). In region 3 further cell division ceases, but synthesis of 
DNA continues. The result is that nurse cell nuclei exhibit a range of 
DNA contents. The nuclei can be grouped into consecutive classes, 
each of which has % the DNA content of the succeeding class 
(Schultz, 1956). In region 4 such continued DNA synthesis is 
inhibited. 

The fes females, nw* females and old fu females are characterized by 
the fact that a restriction is not placed upon cell division. We con- 
clude therefore that there is something abnormal about the germ cells 
of region 2 in the germaria of fes, mw” and old fu females. Limited 
differentiation of oogonia into nurse cells does occur in mw* ovaries 
and to a greater extent in fes ovaries. Nurse cell differentiation prob- 
ably occurs in fu also, but here the situation is complicated because 
fusions of normal and tumorous chambers obscure the picture. 

To explain the above series of facts we postulate that an inhibitory 
substance (I) is deposited near region 2 of the germarium by meso- 
dermal cells lying basal to the oogonia. This substance interacts with 
the genetic machinery of germ cells entering region 2 so that a limita- 
tion is placed upon further cytokinesis. If the genetic machinery of 
these germ cells is damaged (by ionizing radiation, for example) this 
interaction may not occur even though I is present (cf. King, 1957b 
for further development of this idea). The elaboration of I is under 
gene control according to this theory, and the + alleles of fes, nw” and 
fu are involved directly or indirectly in the synthesis of I. The fes + 
substance enters into a relatively restricted series of reactions. The 
results of the transplantation experiments of Clancy and Beadle and of 
Sobels indicate that the fes + substance is nondiffusible. The 
nw + substance is involved somehow in wing development as well as 
ovarian development. The fu + substance, however, is supposedly 
essential for many diverse processes. It is required for normal em- 
bryonic development, for the production of normal wings, ocelli, 
ocellar bristles, ovaries, and for normal adult longevity. We further 
postulate that the fw + substance is incorporated into the yolk of 
eggs produced by fu/+ females. However, the fes + substance and 
the nw + substance (the primary products of the + alleles of fes 
and mw) are not incorporated (or at least not in large enough amounts 
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to produce an effect) into the eggs produced by fes/+ and nw/+ 
females. Half of the eggs laid by fu/+ females will cast off the fu + 
allele in the polar bodies. If such eggs are fertilized by Y or fu 
sperm, a hemizygous or homozygous individual will result which can 
pass through embryogenesis normally because of the store of fu + 
substance in the yolk. We assume that the fu + substance also serves 
as a stable, non-diffusible precursor for compound I, that the fu + sub- 
stance is incorporated into the anlage of the gonads, and therefore that 
the mesodermal cells bordering the oogonia in region 1 (of the germaria 
of the young fused females which develop) can produce I. However, 
the reserve of the fw + substance is used up as oocytes are produced, 
and it cannot be replaced. Tumorous chambers begin to develop once 
the concentration of I falls below some critical amount. This hypoth- 
esis would explain why as the fly ages the frequency of tumors in- 
creases. We have mentioned that instances are found in ovarioles 
where a normal chamber has tumorous chambers in front of and be- 
hind it. If we wish to keep the above hypothesis, we must modify it 
to include the concept that as I is used up it becomes non-homogene- 
ously distributed. Cells entering a deficient area are not modified and 
and thus become tumorous, whereas those entering an area where the 
concentration of I remains high have a limitation placed upon their 
further division and thus develop into normal chambers. 

Clancy and Beadle (1937) transplanted ovaries from w sn* fu, late 
third instar larvae into female w‘sn fu*, host larvae of the same age. 
The eggs laid by those hosts which reached the adult stage were exam- 
ined. The eggs produced by the implanted ovary could be distin- 
guished from those produced by the host’s ovary, since sm eggs have 
a characteristically abnormal short, blunt shape which is strikingly 
different from the normal appearance of the fu egg. A few host fe- 
males did lay eggs which looked normal, and these females when 
mated to fu males produced no offspring. It would be premature to 
conclude from these results that the tissues of the host had no influ- 
ence upon the developing implant and vice versa, since no cytological 
study was made of the ovaries of either host or donor. 

Since fu females have abnormal wings; missing ocelli, ocellar 
bristles, scutellar bristles; few ovarioles; lowered longevity; etc., it is 
assumed that the fu + substance in the yolk does not enter into 
the reactions which are involved in the production of the above char- 
acteristics. 
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SUMMARY 


Descriptions are given of ovarian tumors produced by the X- 
chromosomal gene fused and the second chromosomal genes female- 
sterile and narrow.” The fes and nw” females have 100% tumors; 
whereas the frequency of tumors increases from 0-70% as fu females 
age. The feeding of flies on a deficient medium (sugar agar) results in 
modification of the germarial morphology and the stage distribution 
of oocytes. A mechanism is postulated to explain the induction of 
tumors in the ovaries of the mutant flies. 
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INTRODUCTION 


THERE are many instances where genes have been implicated in the 
control of various cytological processes. Among such genes are 
mutants like those studied by Beadle (1930) and Rhoades (1947) in 
maize, by Gowen (1933) and Fahmy (1952) in different species of 
Drosophila, by Bergner et al. (1934) in Datura, by Richardson 
(1935) in Crepis and by Li et al. (1945) in wheat which cause 
asynapsis or desynapsis.* Other mutants such as those studied by 
Beadle (1932) in maize and Bull (1956) in Drosophila melanogaster 
produce chromosomal stickiness. Mutant genes which cause abnor- 
malities in spindle formation and cytokinesis have been described in 
different Drosophila species by Sturtevant (1929), Wald (1936), 
Lewis and Gengarella (1952), and Counce (1956) and in maize by 
Clark (1940). Still other genes which produce polyploidy have been 
described in barley by Smith (1942) and in Drosophila hydei by 
Staiger and Gloor (1952). Finally mutant genes ‘are known which 
cause gynandromorphism (Goldschmidt and Katsuki, 1928, and Gold- 
schmidt, 1957), somatic crossing over (Stern, 1936), and abnormal 
nuclear segmentation (Nachtsheim, 1950). 

It is the purpose of this paper to describe oogenesis in sterile, female 
Drosophila melanogaster homozygous for any of the following eight 
genes: female-sterile 2.1, singed’™, raspberry’, rotund, tiny, apterous’, 
diminutive, and minus. It will be shown that the plus alleles of these 
genes are implicated in the control of a specific group of cytological 
processes which involve the multiplication, differentiation and function- 
ing of the chromosomes of the nurse cells of the developing eggs. 





1 Research supported by the U. S. Atomic Energy Commission (Contract No. AT 
(11-1), Project 12), the National Science Foundation (research grant NSF-G4816) and 
by the Graduate School of Northwestern University. 

2 See also c(1)a, eq and mot-36 e in Bridges and Brehme (1944). 
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MATERIALS AND METHODS 


Information as to the history of the mutants, the stocks used and 
their source, the age of the females providing the ovaries studied, etc. 
is presented in Table 1. All females were cultured with males. The 
methods used are identical to those described in an earlier paper 
(King, Burnett and Staley, 1957). 


RESULTS AND CONCLUSIONS 
Mutants Affecting the Replication of Nurse Cell Chromosomes 


The normal behavior of nurse cell chromosomes has been described 
previously (King, Rubinson and Smith, 1956). The nurse cell 
chromosomes of Calliphora erythrocephala behave in a somewhat 
similar fashion (Bier, 1957). 


(1) female-sterile 2.1 

The ovaries of flies homozygous for this mutant gene contain 
germaria and oocytes in stages 1-4 which generally appear normal. 
Stages 5-9 are distinctly abnormal, however, with respect to the mor- 
phology of the nurse cell nuclei. The extent to which the synthesis of 
Feulgen-positive material occurs subsequent to stage 4 is markedly 
reduced with the result that nurse cell nuclei (particularly those of 
stages 6-8) appear relatively devoid of stainable material (Figure 1). 

The nuclei of stage 3 nurse cells contain one short and five long 
chromosome arms. Presumably the five long arms represent the paired 
homologues of chromosomes X, 2 and 3, and the short arm is chro- 
mosome 4. These banded chromosomes appear to be attached to the 
nuclear membrane at their centromeric regions. Subsequent to stage 
3 the chromosomes of the nurse cells of fs 2.1 females follow either of 
two courses of development. 

In one case the nurse nuclei continue to grow in volume until they 
reach a size characteristic of a stage 8 nucleus. Normally such nuclei 
would be filled completely with chromosomal material. Instead the 
five long chromosome arms are readily visible as fuzzy threads each 
about four micra in diameter and thirty micra long (Figure 2). The 
fuzzy appearance is due to Feulgen-positive chromonemal loops which 
originate from the longitudinal axis of the chromosomes. The diameter 
of the strands which form the loops is about 0.2 to 0.5 micra. After this 
stage the nuclei increase in volume and take on a pale, reticulate ap- 
pearance. This morphological change presumably arises from the un- 
coiling of chromosomal gyres and the dispersing of the loose chromo- 
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somal strands throughout the nuclei. Not all nuclei in a given cham- 
ber make this change at the same time. The nurse nuclei of chambers 
equivalent in volume to a normal stage 10 reach their maximum size. 
Such nuclei contain a network of threads—each no more than 0.5 micra 
in diameter. Occasionally the most posterior nurse cell nucleus in a 
chamber may reach a volume of 1.5 10° cubic micra (two times the 
maximum volume normally observed). 

The alternative path involves the normal transformation from stage 
3 to stage 4. To do this the chromosomes shorten and thicken. The 
result is the production of a nucleus which contains one small and 
five large Feulgen-positive blobs which are connected to each other 
by fine strands. After this normal stage 4 the nurse nuclei increase in 
volume and gradually take on a pale reticulate appearance as in the 
first case. In both cases pale, reticulate nuclei first appear in cham- 
bers equivalent in volume to normal, late stage 9 chambers. There- 
fore, chambers equivalent in volumes to stages 5-9 show nurse cells 
with an abnormal nuclear morphology. The nuclei appear retarded 
since they contain chromosomes which are similar in morphology (al- 
though not in size) to those of stages 3 or 4. 

Border cells are present and the follicular epithelium differentiates 
characteristically. Yolk synthesis appears to continue normally during 
stages 8-13. A normal chorion and micropyle are produced, and the 
oocyte nucleus is eventually converted into a karyosphere. The mature 
ovarian oocyte, however, may be abnormal in shape, and the dorsal 
appendages are often improperly formed because the posterior fol- 
licular epithelium breaks down prematurely. Apparently normal stage 
14 oocytes have been observed, however. Degeneration of fs 2./ 
oocytes often occurs prior to stage 13. Fusions of adjacent chambers 
occur rarely. 

Normally the Feulgen-positive material of the nuclei of the nurse 
cells undergoes a limited series of doublings (Freed and Schultz, 1956, 
Schultz, 1956). We interpret the above observations to indicate that 
the number of doublings of DNA is reduced in the fs 2.1 ovary. The 
effect appears to be produced prior to stage 5, and as a result there 
is probably an abnormally low DNA concentration in the nuclei of 
nurse cells in stages subsequent to and including stage 5. 

The abnormal chromosomal morphology also may result from an 
abnormal coiling cycle, such as has been described in various plants 
(Lesley and Frost, 1927; Upcott, 1937, and Rhoades, 1955). 


(2) singed’™ 
Females homozygous for sn*** have gnarled bristles. The ovaries o! 

















R. C. KING AND R. G. BURNETT 267 


such flies show germaria and oocytes in stages 1 through 4 which 
appear relatively normal. The mutant gene therefore appears to 
produce its effect somewhat later in development than fs 2.1. Cham- 
bers equivalent in volumes to stages 5-9 show nurse cells with an 
abnormal nuclear morphology. The nuclei appear retarded (Figure 
3), since they contain chromosomes which are similar in morphology 
(although not in size) to those of late stage 4 chambers. Thus the 
sn*** ovary appears to develop normally until the nurse cell chromo- 
somes pass the compact stage characteristic of stage 4. The chromo- 
somes next begin to uncoil and so form tangled bulbous structures 
that are less densely strained. Large plasmosomes are produced, and 
the nurse nuclei increase markedly in volume. Chambers equivalent 
in volumes to stages 6 and 7 have nuclei with volumes characteristic 
of stages 8-10. Chambers corresponding in volumes to stages 3-7 
are abnormal in shape (they are often wider than they are long), which 
may indicate that the passage of oocytes down the ovariole is impeded, 
and adjacent eggs are therefore pressed together. As yolk formation 
commences the nurse cell nuclei take on their characteristic pale, retic- 
ulate form. Border cells make their usual migrations. Once stage 11 
is reached the nurse cell nuclei degenerate and disappear (Figure 4). 
The egg laid is generally a modified stage 11 oocyte. It contains only 
about 2/3 the normal quantity of yolk and has a clear anterior area 
which represents the nurse chamber. A partially formed chorion is 
present. Rarely more mature eggs with abnormally shaped filaments 
are produced (cf. Mohr, 1922). Fusions of adjacent chambers were 
not observed in sm**’, although they are common in the ovaries of flies 
homozygous for other sterile sm alleles. The ovary of the sn’** female 
therefore may be characterized by the abnormal behavior of the endo- 
polyploid nurse cell nuclei late in stage 4. The production of further 
quantities of Feulgen-positive material is inhibited and an excessive 
synthesis of plasmosomal material occurs. The endopolyploid bristle 
and socket cells behave abnormally in sn* pupae (Lees and Wadding- 
ton, 1942). 

Forty ovaries of singed’*’ fused females varying in age from 6-16 
days were examined and were found to show abnormalities character- 
istic of both mutants. This indicates that the genes affect inde- 
pendent processes. As in fw tumors and fusions (Figure 5) be- 
tween adjacent developing eggs occur (cf. King, Burnett and Staley, 
1957). However, the tumor frequency is reduced below that of fu 
flies of the same age. Most non-tumorous eggs are able to develop 
farther than is characteristic for sm***. Numerous pycnotic, stage 12 
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FIGURE 5 
An ovarian preparation from an 8 day old sn*®4@ fu female. Note the four stage 14 
oocytes which have fused together to form a chain. 
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FIGURE 6 
Another ovarian preparation from an 8 day sn*6a fy female. Note the Feulgen- 
positive material lying in the right-most oocyte. This material originates from de- 
venerating nurse cell nuclei. 
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and 13 oocytes are observed, as well as an occasional stage 14 with 
abnormally short filaments. Degenerating nurse cell nuclei are often 
observed inside the oocyte (Figure 6). The characteristic retarda- 
tion in the synthesis of Feulgen-positive material in nurse cell nuclei 
is absent. It should be pointed out, however, that we do not have at 
our disposal coisogenic strains of fu, sn’**, and fu sn’*’; so that a dif- 
ferent modifier system may be operating in each stock. 


(3) raspberry’ 

Females homozygous for raspberry’ have a ruby eye color. Oogenesis 
in the ras‘ ovary resembles that in sm’** ovaries as far as pre-yolk 
stages are concerned and that in fs 2.1 as far as post-yolk stages are 
concerned. That is, developing eggs contain abnormal nurse cell 
nuclei (Figure 7) as in the case of su’*’, but some eggs are able to 
continue past stage 11. One or two stage 14 oocytes are seen in each 
ovary. These mature ovarian oocytes are abnormal in shape, however. 
They are short and squat as in the case of fs 2.1. Fusions of adjacent 
egg chambers occur commonly. 


(4) rotund 

According to Bridges and Brehme (1944) the gene rotund produces 
sterility in both sexes. The tarsi are three-jointed and sex combs are 
absent. The wings are shortened, but are normal in width and are 
warped at the base. The viability of rotund flies is reduced. The nurse 
cell nuclei look retarded (Figure 8), and the picture seen is very 
similar to ras‘. However, many apparently normal stage 14 oocytes 
are produced. Beatty (1949) reports that rm females occasionally 
produce larvae which die at an early stage. Fusions of adjacent 
chambers occur. 

Thus fs 2.1, sn’*", ras‘, and rn ovaries have a characteristic ab- 
normality, an inhibition in the production of Feulgen-positive material 
in the nurse cell nuclei and an excessive synthesis of plasmosomal 
material. These abnormalities may be observed readily by contrasting 
Figures 1, 3, 7 and 8 to Figure 9. 


Mutants Affecting Yolk Synthesis 
(1) apterous‘ 

Females homozygous for ap’ have their wings and halteres reduced 
to traces. Such females are late to eclose, manage to live for only 3 
or 4 days, and are sterile. According to Beatty (1949) the accessory 
glands are small or missing and the spermathecal capsules are flat- 
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tened. Males homozygous for ap‘ are also sterile (Bridges and 
Brehme, 1944). Oogenesis proceeds normally in the ap’ ovary until 
stage 7 is completed. The nurse cells next undergo pycnotic degenera- 
tion and the developing egg breaks down (Figure 10). Yolk forma- 
tion never gets underway. 





& 100A 


FIGURE 10 y 
An ovarian preparation from a 3 day old ap+ female. Note that only oocytes in 
preyolk stages are present. 


Adult ap’ females were fed upon medium to which pyronin (Gurr) 
was added. One hour later the brilliant red digestive system could 
be seen readily through the abdominal wall of the flies. Upon dissec- 
tion the lumen of both the crop and the ventriculus was found to be 
filled with red food. The contents of the crop and the ventriculus were 
next examined and found to contain thousands of stained yeast cells. 
It is therefore obvious that ap’ females do die prematurely and fail to 
synthesize yolk, but not because they are unable to ingest food. 


(2) tiny 

Females homozygous for ¢y have a small body covered with small 
bristles. Such females are late to eclose. Oocytes in stage 1 through 
6 appear normal. The nucleoplasm of stage 7 nurse cells undergoes 
abnormal growth. There are produced as a result pale, reticulate 
nuclei (30 micra in diameter) which are similar in size and morphol 
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ogy of those of stage 9 nurse cells (Figure 11). The nuclei next 
become pycnotic and degenerate. The cuboidal follicular epithelium 
becomes double layered in the region about the oocyte (Figure 12). 
Yolk formation does not occur to any significant degree. Most pycno- 
tic cells have a volume of about 2 X 10° cubic micra and therefore 
correspond to stage 7. Pycnotic stage 4 and 6 chambers occur com- 
monly. Fusions of adjacent chambers have not been observed among 
the 1400 developing eggs which were studied. 





-—+ 
S0y ty 


FIGURES 11-12 
(11) Ovarioles from a ty female. No oocytes more advanced than stage 7 are present. 
The arrow points to a giant nurse cell nucleus. Xs mark degenerating chambers. 
(12) A ty chamber with pycnotic nurse cell nuclei and a double layered follicular 
epithelium. 


~ 


It therefore is postulated that the + allele of ¢y controls yolk 
synthesis directly or indirectly. The proper differentiation of the fol- 
licular epithelium into a single layered sheet of squamous cells above 
the nurse cells and into a single layered sheet of columnar cells above 
the oocyte evidently must depend upon the proper synthesis of yolk. 


(3) diminutive 
Females homozygous for dm have a small, narrow body covered 


with small, slender bristles. Oocytes in stages 1 through 6 appear 
normal. The nucleoplasm of stage 7 nurse cells undergoes abnormal 
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growth. There are produced as a result pale-staining reticulate nuclei 
(15 micra in diameter) which are similar in size and morphology to 
those of stage 10 nurse cells (Figure 13). The chamber continues 
to grow until it reaches a volume of 1 X 10° cubic micra (equivalent 
to a stage 8), and it then degenerates. The enlarged nurse nuclei 
shrink and form densely-stained spheres. Degenerating stage 6 and 
8 chambers also occur. Fusions of adjacent chambers occur rarely. 
Yolk is produced and the follicular epithelium differentiates into a 
single layer of squamous cells above the nurse cells. However, follicle 





dm 


SO 
FIGURE 13 
Degenerating dm chambers. Note the bizarre shapes of some of the nurse cell nuclei. 


cells are generally cuboidal above the oocyte or they may become 
squamous here as well. The nuclei of the layer of follicular cells above 
the nurse cells may reach the condition normally seen in stage 9 
where they lie as much as 20 micra apart. The oocytes of dm females 
are able to proceed farther in development than those of ty or ap’, 
and some yolk is synthesized. However, in both cases abnormal nu- 
clear growth is first noticed in stage 7 nurse cells and excessive nucleo- 
plasmic material is synthesized. 


(4) minus 

As in the case of ty and dm, females homozygous for mi have a 
small body covered with small bristles. Such females are late to eclose. 
The mi ovary is similar to that of dm females. Some oocytes manage. 
however, to develop past stage 8; and apparently normal stage 10 and 
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14 oocytes are seen occasionally. Fusions of adjacent chambers occur 
very often (Figure 14). 


Nonsterile Alleles of Female Sterile Mutants 


It is interesting to note that females homozygous for the mutants 
sn’, sn’**, or ap’ (Burdick, 1956) (which are fertile alleles or pseu- 
doalleles of female sterile mutants) have reproductive systems which 





m 00K —-+ 


FIGURE 14 
An ovarian preparation from an 8 day old mi female showing a compound chamber 
which resulted from the fusion of two adjacent chambers. 


appear cytologically normal. The ap*/ap*™ females are fertile. Ele- 
vated frequencies of pycnotic, stage 8 oocytes are observed, but other- 
wise the ovaries appear normal. 


DISCUSSION 


The + alleles of the mutant genes fs 2.1, sn’®’, ras' and rn appear 
to affect chromosomal replication in a precise fashion in a specific 
tissue (the nurse cells of the developing egg) at a specific time in the 
life cycle, but the effects of the genes are obviously different, since the 
morphological abnormalities they produce are easily distinguished. 
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Abnormalities in nuclear behavior occur earliest in the fs 2.1 ovary. 
In fs 2.1, sn***, ras* or rn ovaries many oocytes with abnormal nurse 
cell nuclei continue to grow and differentiate fairly normally. Contrary 
to expectations it is the sm’** oocyte which ceases its development at 
the earliest stage. However, even the handicapped sm*** oocyte has 
managed to pass from stage 5 through stage 11 (this developmental 
period normally requires 1 day). The genes sn’, ras! and rn produce 
other obvious phenotypic effects in addition to female sterility. 

Replication of nurse cell chromatin occurs in an apparently normal 
fashion in ap’, ty, dm and mi oocytes. The plus alleles of these three 
genes presumably act later in oogenesis than do those of fs 2.1, sn’, 
ras‘ and rn. With the exception of the mi ovary, oogenesis comes to 
a halt shortly after the first abnormalities are recognized. Oocytes of 
dm females can proceed to a more advanced stage than can ap’ and 
ty oocytes. Hsu (1952, 1953) has shown that the nurse cell nuclei are 
responsible for the synthesis of proteid yolk. It seems reasonable to 
assume that the plus alleles of ap’ and ty are involved directly or 
indirectly at some very early stage in yolk synthesis, whereas the plus 
allele of dm and mi come into action at some later step. Yolk forma- 
tion in the dm oocyte comes to a halt prematurely at a stage where the 
ooplasmic volume. is only 1/130th the maximum volume found in the 
mature ovarian primary oocyte. A few mi oocytes manage to com- 
plete development. The ¢y*+, dm*, and mi* genes are also similar in 
that they control the size of the bristles and over-all body size. 

It is obvious that there is no direct parallelism between the normal 
synthesis of Feulgen-positive material in the nuclei of nurse cells and 
yolk deposition, since we have seen developing eggs with cytologically 
abnormal nurse nuclei undergo some yolk synthesis and developing 
eggs which are incapable of synthesizing yolk which have apparently 
normal amounts of DNA. 

This paper is the fifth in a series devoted to the general topic of 
oogenesis in Drosophila. From the data presented in these papers 
there emerges a superficial description of the way in which a fruit fly 
goes about forming an egg. There are estimates as to the lengths of 
time required for the egg to go through various developmental stages 
and the growth rates involved. More important, it appears that vari- 
ous steps in the developmental sequence are controlled directly or in- 
directly by a group of at least eleven non-allelic genes. In Figure 15 
the sequence of events in a Drosophila ovariole is presented in a 
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FIGURE 15 
The sequence of morphogenetic events in a Drosophila ovariole. C represents the 
haploid amount of DNA. Follicle cells are mesodermal in origin. Oogonia originate 
from pole cells. 
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diagrammatic fashion. It is not known why the follicle cells take it 
upon themselves to surround the cyst of 16 germ cells; but once they 
do, their further differentiation seems to depend upon their location. 
Follicle cells which differentiate into choriogenic, columnar cells lie 
above yolky cytoplasm, and perhaps some agent in yolk induces this 
type of differentiation. Squamous, non-choriogenic, follicle cells are 
found above nurse cells, and it is from these non-choriogenic cells 
that the migrating border cells originate. There is evidence that at 
least three genes are involved in placing a limitation upon the division 
of oogonia in a specific region of the germarium, but the mechanism 
involved is unknown. It is not known specifically what causes 15 of 
the germ cells in the chamber to differentiate into nurse cells and the 
16th cell to become the oocyte. The oocyte and the nurse cells behave 
very differently with respect to the synthesis of Feulgen-positive ma- 
terial. The genetic material of the nurse cells which have reached 
their maximum size may have undergone as many as nine consecutive 
doublings; whereas the genetic material of the oocyte has undergone 
but one such duplication. These differences in nuclear growth and 
differentiation are possibly reflections of the dominant role played by 
the nurse cell nuclei in vitellogenesis versus the passive role played by 
the oocyte nucleus. There is evidence that at least four genes control 
the replication and differentiation of the nurse cell chromosomes, but 
again the mechanism is obscure. The meaning of the various gym- 
nastics the nurse cell chromosomes undergo, and what relationship 
these gymnastics have to yolk synthesis is also a mystery. Finally, it 
is known that at least four genes play an important role in vitellogene- 
sis. The surface of this problem barely has been scratched, but the 
results are promising enough to warrant further work with the female 
sterile mutations of Drosophila melanogaster. 


SUMMARY 


A description is given of oogenesis in sterile female Drosophila 
melanogaster homozygous for any one of the following genes: female- 
sterile 2.1, singed’™’, raspberry’, rotund, apterous‘, tiny, diminutive or 
minus. The first four mutants apparently affect replication and dif- 
ferentiation of the nurse cell chromosomes. The second four mutants 
act later in oogenesis. They appear to disturb the proper functioning 
of the nurse cell nuclei during the synthesis of yolk. 
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INTRODUCTION 


It 1s the purpose of this paper to compare oogenesis in four species 
of fruit flies. Three species with considerably different developmental 
times were chosen, viz., Drosophila melanogaster, virilis and gibberosa. 
In addition D. pseudoobscura,*® which has a developmental time simi- 
lar to that of D. virilis, was studied because of its rhythmical pattern 
of egg production (Donald and Lamy, 1936-1937). 


MATERIALS AND METHODS 


Table 1 presents data on the strains and source of each species 
investigated. The reader is referred to King, Rubinson and Smith 
(1956) for descriptions of the stage designations used in this paper. 
All flies were raised at 25° C on medium prepared according to the 
formula of King and Wood (1955). Egg laying behavior of mated fe- 
males was determined according to the method of King (1955). Mi- 
croscopic examination was made of ovarian whole mounts stained 
according to the Feulgen procedure. The weights of the eggs in mg 
were calculated by substituting the appropriate values for / (the length 
measured in microns) and w (the width measured in microns) in the 
equation W = 0.5236 X 10° w*/. We assume a density of 1. 


RESULTS AND CONCLUSIONS 


The results of this study are summarized in Tables 1 and 2. The 
time required to reach sexual maturity is longer in those species re- 

1 Research supported by the U. S. Atomic Energy Commission. 

* Graduate Student, Biology Department, New York University. 


% A more detailed description of oogenesis and egg laying behavior in D. pseudoobscura 
will be given in a manuscript now in preparation. 
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quiring a relatively long time for pre-adult development. The average 
number of primary oocytes per mature adult female is not strikingly 
different among the various species. D. virilis seems to be able to pro- 
duce the most eggs in proportion to its body size. However, it should 
be pointed out that both adult weight and daily egg production are 
highly variable characters. D. gibberosa lays so few eggs that we 


TABLE 1 


A comparison of 4 Drosophila species with respect to developmental times and egg 
production at 25° 











species melanogaster virilis pseudoobscura gibberosa 
standard, 
strain Oregon R Japan Pinon Flat = Mexico __ 
source Harvard U. Yale U. Harvard U. Columbia U. 
avg. minimum time (days) 9 12 14 16 
from fertilization to eclosion 
avg. minimum time (days) 3 4 4 8 
from eclosion to sexual ma- 
turity for female 
avg. wt. (mg) of mature 1.3 2.9 1.4 5.1 
adult female 
avg. calculated wt. (ug) of 9.5 11.1 6.3 20.3 
mature egg 
avg. no. primary oocytes per 7.5 6.5 6.0 7.0 
ovariole 
avg. no. ovarioles per ovary 12 17 18 17 
avg. no. primary oocytes per 180 220 216 240 
mature adult female 
avg. maximum no. of eggs 60 130 61 12 
laid daily per female 
wt. of eggs laid daily/body 0.438 0.498 0.275 0.048 
weight 








believe the fault lies in our being unable to provide this species with 
a medium suitable for its development. 

At eclosion the four species differ markedly with respect to the 
condition of the ovary. The ovary of D. melanogaster is the most, that 
of D. gibberosa the least mature. Bucher (1957) has reported that 
in D. melanogaster the first follicle (stage 2 in our terminology) splits 
off from the germarium 60 hours after puparium formation. Thus, the 
ovary of a freshly eclosed gibberosa female resembles that of a melano- 
gaster female which is three-quarters of the way through the pupal 
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stage. During the period of maximum oviposition the most posterior 
chamber in any ovariole generally belongs to stage 14 in D. melano- 
gaster. In virilis stage 10 and 14 oocytes are equally abundant; this 
may indicate that stage 14 oocytes are kept in the virilis ovary a 


TABLE 2 
Ovarian maturity as a function of age for 4 species of Drosophila 


The most posterior 





Number of Age (days) 
ovaries of adult chamber in an ovariole 
Species observed female generally belongs to stage 
melanogaster 13 0 7 
18 1 8 
10 2 9 
17 4 14* 
10 7 14* 
50 10 14* 
35 21 14* 
16 28 14* 
5 40 14* 
3 69 14* 
virilis 18 0 4or 5 
12 3 10 
16 7 10 or 14* 
10 10 10 or 14* 
12 17 10 or 14* 
pseudoobscura 8 0 5 
11 1 6 
15 3 7, 10 
17 a 10, 14 
23 5 10, 12, 14* 
17 6 10* 
14 7 10, 14* 
17 8 7, 14* 
14 9 14* 
12 10 7, 14* 
17 11 14* 
13 12 14* 
3 13 14* 
5 14 14* 
15 21 14* (3 ovaries 
in stage 7) 
6 24 10 or 14* 
4 31 14* 
11 42 14* 
6 85 14* 
cibberosa 18 0 2 
14 5 7 or 8 
6 6 8 or 10 
12 8 10 
8 9 10 or 14* 
8 12 


14* 





*ovaries from actively laying females 








284 OOGENESIS IN ADULT DROSOPHILA MELANOGASTER 


shorter time than in the melanogaster ovary. Sexually mature D. 
pseudoobscura females do not lay eggs relatively continuously the way 
the other species do but lay eggs for one or two days and then rest for 
one day. During periods of egg laying the most posterior chamber in 
each pseudoobscura ovariole is in either stage 10 or 14. During rest 
periods the most posterior oocyte is stage 7. It is known (Day, 1943) 
that extirpation of the ring gland in Lucilia sericata and Sarcophaga 
securifera prevents development of the egg beyond pre-yolk stages. 
The corpus allatum is also known to be necessary for the formation of 
mature eggs in Rhodnius (Wigglesworth 1936), Drosophila (Vogt 
1943) and Calliphora (Thomsen 1952). To explain the above be- 
havior we therefore suggest that in pseudoobscura a hormone respon- 
sible for the initiation of vitellogenesis (possibly elaborated by the 
corpus allatum) is secreted discontinuously. Whenever this hormone 
falls below a critical concentration immature oocytes cannot develop 
beyond stage 7. When the necessary threshold is reached, vitellogene- 
sis proceeds (stages 8-12) until the mature egg (stage 14) is formed 
and laid. 
SUMMARY 


A comparative study of oogenesis in four species of Drosophila has 
revealed striking differences with respect to the degree of maturity 
attained by the oocytes located in the most posterior chambers of the 
ovarioles of freshly eclosed and actively laying females. Fluctuations 
in stage distribution of oocytes in the D. pseudoobscura ovary can be 
correlated with the periodicity in egg laying characteristic of this 
species. A mechanism to explain this egg laying rhythm is suggested. 
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INTRODUCTION 


StupIEs correlating biochemical, morphological and physiological 
events which occur during embryonic life have been undertaken in 
diverse species by various investigators (6, 8, 16). The work herein 
described is an attempt to analyze further the biochemical modifica- 
tions associated with visible changes occurring throughout develop- 
ment of the chick embryo. The recent description (10) of a series of 
microchemical enzymatic assays adaptable to the minute quantities 
of tissue available has made it possible to carry out these biochemical 
determinations on separate embryonic organs. 

Representative enzymes active in the glycolytic cycle, the tricar- 
boxylic acid cycle and the electron transport system were selected. 
These were aldolase, succinic dehydrogenase and cytochrome oxidase 
respectively. Tissues selected for this study were taken from portions 
of the central nervous system and from the developing heart and liver. 
It was felt that the results of such a survey would give an indication 
of the basic metabolic patterns occurring throughout the development 
of dissimilar structures. 

EXPERIMENTAL 
Material and Methods 


Preparation of tissues—Embryos were removed from fertile New 
Hampshire Red eggs incubated at 37.5° C for various time interva!s 
(1-21 days) and the degree of development of each embryo was evalu- 
ated according to the Hamburger-Hamilton stage series for the chick 
(9). Samples of embryonic brain, liver and heart were removed for 
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enzyme analysis. Brain samples were divided into the 3 major divi- 
sions, hind-brain, mid-brain, and fore-brain. These tissues were sus- 
pended in water or phosphate buffer maintained at a temperature less 
than 5° C and then homogenized in the cold with a glass micro- 
homogenizer. The total final volume of the homogenate was approxi- 
mately 50 microliters. Since preliminary studies indicated no decrease 
of aldolase activity in frozen homogenates, the material to be used in 
the aldolase analysis was stored in a deep freeze maintained at 
—30° C. In contrast, cytochrome oxidase and succinic dehydrogenase 
activities were run on fresh tissue samples within fifteen minutes 
following their removal from the embryo. 


Enzyme Assay 


Aldolase activity was assayed by the Lowry (10) micromodification 
of the dinitrophenylhydrazine method. In our procedure, approxi- 
mately two to four microliters of the homogenate containing one to 
five micrograms of protein were incubated for the prescribed time in 
the substrate reagent mixture. The level of aldolase activity was ex- 
pressed in units of “moles of hexosediphosphate split/hour/microgram 
protein.” This was derived from the molar extinction data given by 
Lowry. Appropriate changes in these calculations were made for dif- 
ferences in homogenate volume. 

The microspectrophotometric method of Cooperstein and Lazarow 
(2) was used for the quantitative determination of cytochrome oxidase. 
The cytochrome oxidase content of the tissues was expressed in terms 
of “enzyme activity/microgram protein.” The standard enzyme ac- 
tivity was calculated according to the original paper. This notation 
(enzyme activity) is proportional to the slope of a line measuring 
the drop in a given concentration of reduced cytochrome c per unit 
time. A similar technique was utilized for succinic dehydrogenase 
determinations (3), and the apparent content of this enzyme in the 
tissues was likewise expressed as enzyme activity/microgram protein. 
For each sample a protein determination was made by use of the micro- 
method described by Lowry (11). 


RESULTS 


The level of aldolase activity in all the organs selected for this 
survey remained constant during the period of development studied 
(Figures 1 and 2). Although the enzyme content of the individual 
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tissues appeared to be unchanging with respect to time, there were 
differences in activity between the organs. Heart, liver and all parts 
of the brain studied, varied significantly from the early whole animal. 
Aldolase activity of heart and brain was statistically different from 
that of liver, whereas brain and heart did not differ in the enzyme level. 
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In contrast to the constant aldolase level in the tissues, cytochrome 
oxidase exhibited a marked increase in activity throughout the de- 
velopment of certain organs (Figure 3). The level of activity of this 
enzyme increased early in the embryonic heart, doubling in appareni 
content in the period from the fifth day to the eleventh day of incuba- 
tion. This continuous rise in enzyme activity resulted in a threefold 
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increase by the time of hatching over the level observed at four days. 
Liver cytochrome oxidase activity exhibited a steady increase per unit 
protein throughout the developmental period. Although the rise in 
the liver activity lagged behind that of heart, the rate of accumula- 
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FIGURE 4 
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ment indicated. Time assessed by Hamburger-Hamilton (1951) stage series for chick 
embryo. 


tion appeared surprisingly similar in both liver and heart. In a quali- 
tative sense, the results of the investigation of succinic dehydrogenase 
content were much the same as the cytochrome oxidase study (Figure 
4). In fact the ratio of cytochrome oxidase activity to succinic de- 
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hydrogenase activity remained surprisingly constant for each indi- 
vidual tissue throughout the stages of development. Levels of both of 
these enzymes changed very slightly in brain samples taken through- 
out the embryonic period. A representative portion of the results of 
the total study is presented in Table 1. 











TABLE 1 
Comparative enzyme activities in chick embryonic tissues during development 
Day of Cytochrome Succinic De- 
Organ Development Aldolase* Oxidase** hydrogenase** 
Heart Entire $37 + 0.33 
Period 
6 3.70 1.62 
10 5.39 2.00 
15 6.51 2.78 
20 7.50 
Liver Entire 5.27 + 0.22 
Period 
7 2.28 0.61 
10 2.90 1.72 
13 3.22 1.86 
20 4.51 2.28 
Brain Entire 8.08 + 0.34 
(Midbrain) Period 
6 1.42 0.42 
10 1.45 0.49 
15 1.50 0.55 
20 1.59 0.62 








* Expressed as Moles of Hexose-di-phosphate split/hour/microgram protein X 10-12. 
** Expressed as Enzyme activity/microgram protein X 107. 


DISCUSSION 


Most reports concerning enzyme levels during embryonic develop- 
ment do not deal with comparative patterns of accumulation of the 
various enzymes throughout ontogenesis nor with the variation in 
these patterns inherent within separate embryonic organs and tissues. 
The data reported in this study can be analyzed in either of these two 
ways. 

Briefly, our results indicate an unchanging level of aldolase activity 
in the chick embryo throughout the entire period of observation con- 
comitant with a marked increase in both cytochrome oxidase and 
succinic dehydrogenase enzyme activity levels. This constant level 
of aldolase agrees with a similar finding in the sea urchin egg (8) but 
differs from results obtained on foetal guinea pig cerebral cortex (6). 
If one assumes that the level of aldolase activity is proportional to the 
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total amount of glucose metabolized by way of the Embden-Meyerhof 
scheme for a given sample, as Lowry (10) has suggested, these results 
would indicate an unmodified level of activity for this major glycolytic 
cycle throughout development of the chick. Only related, direct studies 
on the kinetics of the cycle and estimations of other enzymes function- 
ing in the scheme can reveal the validity of this assumption. Such 
surveys are presently being undertaken in this laboratory. 

The difference in rates of accumulation of the enzymes cytochrome 
oxidase and succinic dehydrogenase as compared to aldolase particu- 
larly in heart and liver is suggestive. This difference indicates the 
possibility of an increasing amount of intermediates entering the 
tricarboxylic acid cycle not derived from the Embden-Meyerhof gly- 
colytic cycle during the later stages in development. A postulate such 
as this is compatible with the changing respiratory quotients of de- 
veloping embryos early noted by Needham (13) and explained on 
the basis of successive utilization of carbohydrate, protein and fat as 
energy sources. That interpretation is further supported by Romanoff’s 
(15) observation that there is less dependence upon the presence of 
glucose as a substrate in older embryonic tissues than in young ones. 
A second alternative explanation is one based on a changing scheme of 
carbohydrate metabolism from an anaerobic one to an aerobic one. 
This would account for the greater participation of the enzymes in- 
volved in the oxidative degradation of pyruvate as development 
proceeded. Such a possibility has been suggested for embryonic liver 
tissue (14). 

The varied pattern of enzyme accumulation observed when the 
separate embryonic organs are compared is of particular interest. 
Many chemical embryologists have offered the opinion that differences 
in the enzymatic make-up of developing tissues are directly related to 
their functional role within the adult organ and have reported on the 
accumulation of tissue specific enzymes to support this contention (1, 
12). Our observations test the inverse situation, i.e., activities of 
three general metabolic enzymes in diverse tissues during embryogene- 
sis. It is of interest to note that at the earliest dissectable stages, liver 
possesses lower aldolase activity than does heart or brain thereby 
correlating with the findings for aldolase content of these tissues in the 
adult (5). 

The increase in cytochrome oxidase and succinic dehydrogenase 
activity in the heart and liver in contrast to brain indicates that these 
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particular enzymes do not remain at a uniform level in all tissues 
throughout embryonic life. However, one might anticipate that since 
they mediate the final stages in the release of energy, their activities 
would differ with the varied physiologic patterns of unlike tissues even 
during development. In this respect, Sippel (16) correlated the in- 
crease in the succinoxidase system of developing heart ventricle with 
the functional onset of cardiac activity and actual cardiac effective- 
ness and described parallel courses of development for the enzyme 
activities and the mechanical efficiency of the organ. Our observations 
of two components of the succinoxidase system in heart samples sup- 
port this finding. Applying the same consideration of embryonic func- 
tion our data on liver reveal certain similarities. The rise in activity 
of liver cytochrome oxidase is apparent after the seventh day of in- 
cubation. This increase occurs at the time the liver cells are con- 
sidered to give the first indication of their definitive function (4). On 
the other hand, the presence of a relatively stable pattern for the three 
enzymes in all parts of the brain might well indicate the existence of 
a constant level of activity for this tissue throughout the greater part 
of development. A review of the literature failed to reveal any direct 
studies related to this problem in the chick. However, the work of 
Flexner, et al., (7) on guinea pigs is most suggestive. They found no 
indication of organized electrical patterns in the cerebral cortex until 
the third trimester of development. A similar study in the chick 
central nervous system would be extremely valuable in relating the 
metabolic pattern of development to the functional one. 

Taking all of the above into consideration, it is apparent that of the 
three general metabolic enzymes studied only aldolase maintained an 
unchanging level in all developing tissues studied whereas cytochrome 
oxidase and succinic dehydrogenase appeared to vary with the physio- 
logic status of the individual tissues. 


SUMMARY 


Microchemical methods were employed to determine the patterns 
of accumulation for the enzymes, aldolase, cytochrome oxidase and 
succinic dehydrogenase in nervous and non-nervous organs of the de- 
veloping chick embryo. Aldolase activity remained at a constant level 
throughout development in the embryonic heart, liver and brain. Cy- 
tochrome oxidase activity showed individual patterns of accumulation 
in the tissues under study. Heart and liver cytochrome oxidase ac- 
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tivity per unit protein increased progressively throughout the period 
of study whereas all portions of the central nervous system under ob- 
servation remained at a fairly constant level. In general, changes in 
succinic dehydrogenase activity during the embryonic period appear 
to parallel those described for cytochrome oxidase. The activity of 
this enzyme likewise remained constant in the brain while heart and 
liver displayed a progressive rise in activity per unit protein. 
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